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APRESENTACAO

Este documento consiste na tese doutoral de Emanuella de Aragdo Tavares, realizada em regime
de cotutela pelo Programa de P6s-Graduacao em Desenvolvimento e Inovagdo Tecnoldgica em
Medicamentos (PPgDITM) na UNIVERSIDADE FEDERAL DO RIO GRANDE DO NORTE
— UFRN (BRASIL) e pelo Programa de Doctorado en Biomedicina pela UNIVERSIDAD DE
GRANADA — UGR (ESPANHA). A tese foi elaborada conforme com as normas que regem
0s estudos de doutorado em ambas as institui¢Oes, e intitula-se: “Nopal cactus as a new
bioactive ingredient: Effects of Nopalea cochenillifera (L.) Salm-Dick extract on
experimental models of intestinal inflammation and metabolic syndrome”. Esta

apresentacdo descreve brevemente como 0 manuscrito esta organizado.

Inicialmente o conteudo desta pesquisa foi apresentado de maneira sistematizada por meio
de um resumo expandido em portugués e em espanhol. A tese esta estruturada em 5 secdes
principais. A secdo | compreende a Introducdo, na qual integra uma revisao de literatura sobre
0s temas que envolvem esta pesquisa. Na secdo 11, é apresentado a hipotese e 0s objetivos deste
estudo. Na sequéncia, a secdo Il inclui o material e métodos empregados. Os resultados séo
apresentados na secdo IV, estdo organizados em ordem cronoldgica da execucdo dos
experimentos. Os resultados apresentados sao referentes aos experimentos realizados na UFRN
e aos obtidos durante o estagio doutoral realizado na UGR, pelo programa institucional de
internacionalizacdo (CAPES-Print), em colaboracdo com Prof. Dr. Julio Juan Géalvez Peralta e
a Profa. Dra. Maria Elena Rodriguez Cabezas. A secdo V é subdividida em duas partes, sendo
a primeira referente a discussao dos resultados relacionados a inflamacéo intestinal e a segunda
focada nos resultados relacionados a sindrome metabdlica. As conclusdes gerais do estudo séo

apresentadas em seguida.

Ao final, sdo incluidos as referéncias bibliograficas, apéndice (no qual inclui resultados
complementares) e trés anexos na seguinte ordem: ANEXO I: Artigo publicado na revista
“Plants” — (Fator de impacto 4.658), referente a estudos parciais do projeto de tese, intitulado:
“Toxicity and anti-inflammatory activity of phenolic-rich extract from Nopalea
cochenillifera (Cactaceae): A preclinical study on the prevention of inflammatory bowel
diseases”; ANEXO Il — Comprovante CEUA e ANEXO Il — Atividades desenvolvidas

durante o periodo doutoral.
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INTRODUCAO

As doencas inflamatorias intestinais (DII’s) e a sindrome metabdlica sdo duas condi¢des de
salide em ascensdo em todo 0 mundo, principalmente nos paises desenvolvidos (1-3). As DII’s,
incluindo a doenca de Crohn e a colite ulcerativa, sdo doengas crénicas que afetam o trato
gastrointestinal e podem causar sintomas como rectorragia, diarreia com muco ou sangue, dor
abdominal, fadiga e perda de peso (4). A sindrome metabdlica, por sua vez, € um conjunto de
condi¢Bes médicas, incluindo obesidade abdominal, hipertenséo arterial, aumento dos niveis de

acucar no sangue e dislipidemia (5).

Ambas sdo enfermidades multifatoriais e complexas, cuja etiopatologia envolve uma
combinacédo de fatores genéticos, ambientais e comportamentais. No caso das DII’s, acredita-
se que a interacdo entre a microbiota intestinal, o sistema imunoldgico e os fatores ambientais
possam desempenhar um papel importante no seu desenvolvimento. Além disso, fatores como
0 tabagismo, o estresse e 0 uso prolongado de anti-inflamatdrios nédo esteroides também podem

contribuir para o desenvolvimento das DII’s (6,7).

Assim como as DII’s, a sindrome metabdlica também esta associada a uma inflamacéo cronica
implicada na sua patogénese. O conjunto de fatores de risco, como obesidade abdominal,
resisténcia a insulina, hipertensdo arterial e dislipidemia aumentam o risco de desenvolver
doencas cardiovasculares, como ataque cardiaco e acidente vascular cerebral (8). A inflamacéo
crénica ocorre quando o sistema imunolédgico do corpo é ativado persistentemente, o que leva
a producdo continua de citocinas pro-inflamatérias e a um estado inflamatorio crénico. O
tratamento da sindrome metabdlica muitas vezes envolve a reducéo da inflamacgéo cronica por
meio de mudancas no estilo de vida, como dieta saudavel, exercicios fisicos regulares e controle
do estresse, além de medicamentos para controlar a presséo arterial, reduzir os niveis de actcar
no sangue e reduzir os niveis de colesterol e triglicerideos. Embora as DIlI’s e a sindrome
metabolica sejam condicdes diferentes, elas podem estar relacionadas em certos individuos, e
um melhor entendimento da inflamacdo crbnica pode ajudar no desenvolvimento de

tratamentos complementares para ambas as condicdes (9).

Evidéncias clinicas mostram que o uso de fendlicos isolados ou de extratos ricos em fendlicos
administrados em combinagdo com medicamentos ja utilizados na terapia das DII’s e da
sindrome metabdlica contribuem com a melhoria da qualidade de vida dos pacientes e para
manter a doenca no estado remissivo (10,11). Os polifendis sdo metabolitos secundarios

produzidos por vegetais que possuem propriedade antioxidante e anti-inflamatoria, 0 que os
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torna eficazes na prevencdo e tratamento dessas doengas. Sua notavel capacidade anti-
inflamatéria e antioxidante se deve a multiplos alvos de agdo, como a inibi¢do da produgéo ou
da acdo de mediadores pro-inflamatérios ou até mesmo sob a forte influéncia que pode exercer

sobre a microbiota intestinal (12—14).

Neste cendrio, a cactacea Nopalea cochenillifera (L.) Salm-Dyck, conhecida popularmente
como palma, palma-forrageira e palma “doce” ou “miuda”, é uma boa fonte de compostos
bioativos anti-inflamatorios. Os seus cladddios sdo ricos em polissacarideos e polifenois (15),
e tém sido amplamente utilizados para fins agricolas, alimentares e medicinais (16). E
tradicionalmente utilizada como anti-inflamatério e curativo no tratamento de doengas como
colesterol elevado, tensdo arterial, problemas renais e urinarios, e no tratamento da diabetes
(17,18). Estudos anteriores relataram o potencial antibiotico e antifungico da N. cochenillifera
em ensaios in vitro (19,20). Além disso, foi observada a reducdo dos niveis de glicose em
estudos in vivo (21) e em um ensaio clinico piloto (22). Em relacéo ao efeito anti-inflamatorio,
a administracdo oral do extrato hidroetanolico dos cladddios de N. cochenillifera demonstrou
uma significativa atividade anti-inflamatoria em modelos de inducdo de granuloma e Ulcera

gastrica em roedores (23,24).

Os polifenois presentes no extrato de N. cochenillifera ja sdo considerados uma fonte
promissora de agentes bioativos. No entanto, quando se trata de doencas inflamatoérias
intestinais, direcionar esses ativos para a regido do célon e reduzir as concentracdes de extratos
vegetais necessarias para alcancar atividade farmacoldgica ainda sdo desafios a serem
superados. O desenvolvimento de sistemas de administracdo de medicamentos capazes de
transportar as substancias ativas do extrato até o tecido do célon é uma alternativa promissora
para melhorar a biodisponibilidade oral e prolongar sua retencdo no cdlon. Os sistemas
nanoestruturados tém demonstrado propriedades interessantes e promissoras nesse sentido,
como a melhoria da estabilidade, solubilidade e biodisponibilidade de compostos naturais, além
de possibilitar o controle da liberacdo dos compostos bioativos e reducdo das doses e
frequéncias de administracdo (25-27). Estratégias que envolvam a encapsulacdo do extrato de
N. cochenillifera e o direcionamento da sua liberacdo para a regido do colon podem

potencializar sua eficacia e reduzir a dose terapéutica necessaria.

Considerando o potencial bioativo da N. cochenillifera, é relevante destacar que esta espécie €
uma excelente escolha para o desenvolvimento de um insumo nacional, devido a sua adaptacdo
a regido nordeste do Brasil e a presenca de cultivos estabelecidos. Isso possibilita o

desenvolvimento de toda cadeia produtiva no pais, desde o cultivo até o insumo e/ou o produto
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acabado, o que pode ter impactos positivos na economia local, como a geragéo de empregos e
o fomento ao desenvolvimento sustentavel da regido. Nesse contexto, essa proposta visa realizar
um estudo fitoquimico do extrato de Nopalea cochenillifera e avaliar o efeito anti-inflamatorio

em modelos in vivo de inflamac&o intestinal e de sindrome metabdlica.
OBJETIVO

Este trabalho teve como objetivo realizar um estudo fitoquimico do extrato hidroetanélico dos
cladddios de Nopalea cochenillifera, bem como avaliar a toxicidade e eficacia nos modelos in
vivo de inflamagdo intestinal e de sindrome metabdlica. Além disso, este trabalho teve como
objetivo desenvolver e caracterizar um sistema nanoparticulado carregado com o extrato de N.
cochenillifera e avaliar o efeito farmacologico do extrato livre (NCE) e associado a

nanoparticulas (NPE)
Assim, foram propostos cinco objetivos especificos:

1. Caracterizar fisico-quimicamente o extrato de N. cochenillifera, determinar o teor dos
compostos fendlicos totais e flavonoides totais e o perfil cromatografico por
cromatografia liquida de alta eficiéncia acoplada a espectrometria de massas (CLAE-
EM).

2. Avaliar a toxicidade oral aguda do extrato hidroetandlico de N. cochenillifera em ratos.

3. Auvaliar o efeito anti-inflamatorio intestinal de diferentes doses do extrato hidroetanolico
de N. cochenillifera em modelo de inflamacdo intestinal experimental induzida por
acido 2,4-dinitrobenzeno sulfénico (DNBS) em ratos.

4. Desenvolver, caracterizar e avaliar os efeitos de um sistema nanoparticulado carregado
com o extrato hidroetandlico de N. cochenillifera em um modelo de inflamacgéo
intestinal experimental induzida por dextrano sulfato de sédio (DSS) em camundongos.

5. Avaliar o efeito do extrato hidroetandlico de N. cochenillifera em um modelo
experimental de sindrome metabdlica induzida por dieta rica em gordura em

camundongos.
METODOLOGIA

1. Preparacdo e caracterizacao fisico-quimica do extrato hidroetanolico de N. cochenillifera
(NCE)

Os cladodios de N. cochenillifera foram coletados, em seguida fragmentados em pedagos

menores, secos em estufa de ar circulante, triturados e submetidos a extracdo pelo método de
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maceragdo com solvente hidroetandlico na proporcéo 1:10 (p/v). Na analise fisico-quimica do
NCE, determinou-se o pH, a acidez titulavel, teores de umidade, cinzas, extrato etéreo, fibra
bruta, proteinas e carboidratos totais. Estas analises foram realizadas conforme recomendado
pelos métodos da AOAC (2020). O teor de fendlicos total do extrato de NCE foi determinado
com base no método do reagente Folin-Ciocalteu (28) e o teor de flavonoides totais foi
determinado pelo método colorimétrico do cloreto de aluminio (29). O perfil cromatografico
foi determinado por cromatografia liquida de alta eficiéncia acoplada a espectrometro de massas

com fonte de ionizagédo por electrospray (CLAE-IES-EM).
2. Avaliacéo da toxicidade oral aguda de NCE em ratos

A toxicidade aguda por via oral do extrato de N. cochenillifera foi realizada seguindo os
critérios recomendados pela OECD, 2001 (Guidelines for Testing of Chemicals) (30). Foram
utilizados Ratos da linhagem Wistar (Rattus norvegicus). O grupo teste recebeu uma dose Unica
de 2000 mg/kg de NCE. Nos dias 1, 7 e 14 apos administracdo de NCE, os animais do grupo
teste e controle, foram submetidos ao teste comportamental e motor (Teste de campo aberto e
rota-rod). No 15° dia, os animais foram anestesiados e feito uma coleta de sangue por puncéo
cardiaca para a realizacdo de exames hematoldgicos e bioquimicos. Os 6rgéos (figado, rim e

baco) dos animais foram examinados macroscopica e microscopicamente.
3. Estudo da atividade anti-inflamatoria intestinal “in vivo”

A inducédo da inflamac&o intestinal foi realizada por 4&cido DNBS em ratas Wistar (31) e por
DSS em camundongos C57BL/6J (32). No estudo com DNBS, os animais receberam trés
diferentes doses de NCE (100, 200 e 300 mg/kg/dia). No estudo com DSS, foi investigado o
efeito anti-inflamatério do extrato livre (200 mg/kg/dia) e incorporado a nanoparticulas
poliméricas. Em ambos, o indice de atividade da doenca (IAD) foi avaliado pela variagdo do
peso corporal, presenca de hemorragia retal e consisténcia das fezes (32). Apds eutanasia, a
expressdo de marcadores inflamatérios e oxidativos, bem como analises macro e microscépica
foram avaliadas nas amostras de colon. Uma avaliacdo da permeabilidade intestinal pelo
método de administracdo oral de FITC-dextrano foi realizada apenas com os animas submetidos

a inducdo inflamatoria intestinal por DSS (33).
4. Obtencdo e caracterizacdo das nanoparticulas poliméricas

As nanoparticulas carregadas com extrato de N. cochenillifera (NPE) foram preparadas pelo

método de nanoprecipitagdo (34,35). As nanoparticulas foram caracterizadas quanto ao
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tamanho, indice de polidispersdo (Pdl), potencial zeta, eficiéncia de encapsulacdo (EE) e

morfologia. A estabilidade fisica das nanoparticulas foi avaliada durante um periodo de 30 dias.

5. Estudo do efeito do extrato de N. cochenillifera (NCE) em um modelo de sindrome

metabolica

Camundongos machos C57BL/6J foram divididos aleatoriamente em quatro grupos
experimentais: controle (dieta padréo); controle + NCE (dieta padréo, tratados com NCE (200
mg/kg)), controle (dieta rica em gordura) e controle + NCE (dieta rica em gordura, tratados com
NCE (200 mg)). Ao longo do periodo experimental de 10 semanas, foram avaliados o peso
corporal e a ingestdo de 4gua e comida (36). Uma semana antes da eutanasia, 0s camundongos
foram privados de alimentos por 6 horas e um teste de tolerancia a glicose foi realizado. Ao
final do experimento, os animais foram anestesiados e feito uma coleta de sangue por pungéo
cardiaca para a realizacdo da medicdo os niveis plasmaticos de glicose. Figado, baco, rins,
célon, gordura abdominal, epididimal e marrom, foram coletados, pesados e analisados
macroscopicamente. Amostras de figado, cdlon e/ou tecido adiposo foram analisados
microscopicamente e processados para determinacgdes bioquimicas a fim de avaliar a expresséo

génica de diferentes marcadores por PCR quantitativo em tempo real (Rt-gPCR).
RESULTADOS

O teor de fendlicos totais e flavonoides totais por grama de extrato seco foi de 67,85 mg e 46,16
mg/g, respectivamente. Através da analise por CLAE-IES-EM, foi caracterizado um total de 25
compostos tais como sacarideos, acidos organicos, acidos fendlicos e flavonoides. No estudo
de toxicidade, a dose de 2000 mg/kg de extrato administrada por via oral ndo mostrou sinais de
toxicidade, mortalidade ou alteracdes significativas nos parametros comportamentais,

bioguimicos e hematoldgicos.

Quanto aos efeitos anti-inflamatadrios intestinais na indu¢do com DNBS, a anélise macroscépica
do colon indicou que o NCE diminuiu o indice de atividade da doenca (IAD). As concentracdes
de interleucina 1 beta (IL-1P) e do fator de necrose tumoral alfa (TNF-a) diminuiram, a de
interleucina 10 (IL-10) aumentou e os niveis de malondialdeido (MDA) e mieloperoxidase
(MPO) diminuiram quando comparados com o grupo controle. Além disso, foi observada uma
diminuicdo da expressdo génica de marcadores inflamatdérios como proteina quinase ativada
por mitdgeno 1 (MAPK-1) e fator nuclear kappa B (NF-xB p65) nas amostras de colon. A
integridade epitelial foi melhorada segundo as analises histopatoldgica e imunohistoquimica.

Os grupos que receberam doses de 200 e 300 mg/kg apresentaram melhores resultados.
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Andlises fisico-quimicas mostraram que as nanoparticulas carregadas com extrato (NPE) séo
esféricas com carga superficial positiva, tamanho de 76,45 nm, potencial zeta positivo, alta
eficiéncia de encapsulamento (EE = 100%) e estaveis por 30 dias. Quanto aos efeitos anti-
inflamatorios intestinais na indugcdo com DSS, foi observado que o tratamento com o extrato
livre NCE (200 mg/kg) e com NPE (4 mg/kg) também reduziram o indice de atividade da
doenga (IAD), preveniram o encurtamento do célon e promoveram reducdo na expressdo de
marcadores inflamat6rios como IL-1B, TNF-a, interleucina 6 (IL-6), receptor toll-like tipo 4
(TLR-4), proteina quimiotatica de mondcitos 1 (MCP-1), proteina inflamatdria de macrofagos
2 (MIP-2), molécula de adesédo intercelular 1 (ICAM-1) e Oxido nitrico sintase induzivel
(INOS). Uma melhora da integridade da mucosa intestinal dos animais tratados com NCE e
NPE também foi observada mediante um aumento na expressao de marcadores de barreira
como Zona de oclusdo 1 (ZO-1), Ocludina (OCLN) e Mucina 3 (MUC-3), os achados

histopatoldgicos corroboraram com estes resultados.

Os efeitos do NCE também foram positivos no modelo de sindrome metaboélica induzida em
camundongos utilizando dieta rica em gordura. A administracdo de NCE em camundongos
obesos reduziu significativamente o ganho de peso corporal, quando comparado ao grupo ndo
tratado, embora ndo tenham sido observadas diferencas significativas no consumo de energia
entre estes grupos. A administracdo de NCE também reduziu a glicemia basal e a resisténcia a
insulina, mostrou uma melhora no perfil lipidico plasmatico em comparagdo com 0s
camundongos obesos nao tratados e resultou significativamente em um aumento da expressao
do transportador de glicose GLUT-4 no figado, confirmando assim o aumento da sinalizacao
da insulina, evidenciado pela melhora dos niveis de glicose no sangue dos camundongos obesos
tratados. A expressao do receptor de leptina (Leptin-R) no tecido hepatico dos camundongos
obesos tratados foi reduzida, mas houve uma recuperacéo significativa com o tratamento com
NCE. Além disso, foi observado um aumento na expressao do receptor alfa ativado por
proliferador de peroxissomo (PPAR-a) no grupo tratado. A expressdo proteica da proteina
quinase ativada por monofosfato de adenosina (AMPK) e da fosfoinositideo 3-quinase (PI13K)
no figado dos camundongos alimentados por HFD foi diminuida, porém, houve uma
recuperacdo significativa nos animais tratados. Analises da expressdao dos marcadores de
barreira intestinal (ZO-1 e MUC-3) em amostras de célon de camundongos obesos tratados
indicaram que o extrato conseguiu melhorar a integridade da barreira intestinal, a qual é

normalmente comprometida em camundongos obesos.

CONCLUSAO
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Em relagéo aos efeitos de NCE do modelo de inflamacéo intestinal por DNBS e de NCE e NPE
no modelo por DSS, foi observado que ambos apresentaram efeito preventivo e anti-
inflamatorio por meio da reducdo no escore do indice de atividade da doenga e nos danos
macroscopicos e microscopicos do colon. Através das analises moleculares realizadas, foi
possivel observar que NCE e NPE diminuiram os niveis de mediadores inflamatérios e
oxidativos, e promoveram a regulacdo negativa da expressdo de genes de importantes vias
inflamatorias e oxidativas. Além disso, NCE e NPE contribuiram para a melhora da integridade
epitelial de acordo com as anélises de marcadores de barreira e através das técnicas histoldgicas.
O extrato livre e 0 associado a nanoparticulas apresentaram resultados semelhantes, no entanto,
a dose de NCE incorporado no NPE foi 50x menor que a dose de extrato livre avaliado no

ensaio de indugdo inflamatdria intestinal por DSS.

Nos ensaios de sindrome metabdlica induzida por dieta, o0 NCE apresentou uma melhora no
perfil metabdlico dos camundongos obesos, assim também como uma significativa reducédo do
ganho de peso corporal. Estes efeitos foram associados a uma melhora no estado inflamatorio
sistémico e diferentes mecanismos parecem estar envolvidos, destacamos 0s possiveis efeitos
imunomoduladores dos fendlicos, ja que esses compostos podem ter efeitos benéficos na
regulacdo de genes envolvidos em processos metabdlicos, inflamatorios e de estresse oxidativo.
No entanto, é necessario realizar mais estudos para entender completamente 0os mecanismos

subjacentes.

Os resultados pré-clinicos in vivo indicam que NCE livre ou incorporado a nanoparticulas é
benéfico na prevencdo da colite induzida e na sindrome metabdlica, portanto, os resultados
deste estudo déo suporte a futuras investigacdes sobre o potencial terapéutico do extrato de N.
cochenillifera no tratamento das doencas inflamatérias intestinais e da sindrome metabdlica e
indica seu potencial promissor como um ingrediente bioativo para o desenvolvimento de um

fitoterapico ou um suplemento funcional inovador no tratamento complementar destas doencas.
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INTRODUCCION

Las enfermedades inflamatorias intestinales (Ell) y el sindrome metabdlico son dos trastornos
de salud en aumento en todo el mundo, especialmente en los paises desarrollados (1-3). Las
Ell, incluidas la enfermedad de Crohn y la colitis ulcerosa, son enfermedades crénicas que
afectan al tracto gastrointestinal y pueden causar sintomas como rectorragia, diarrea con moco
0 sangre, dolor abdominal, fatiga y pérdida de peso (4). El sindrome metabdlico, por su parte,
es un conjunto de afecciones médicas que incluyen obesidad abdominal, hipertension, aumento

de los niveles de azucar en sangre y dislipidemia (5).

Ambas son enfermedades multifactoriales y complejas, en cuya etiopatogenia interviene una
combinacion de factores genéticos, ambientales y conductuales. En el caso de la Ell, se cree
que la interaccion entre la microbiota intestinal, el sistema inmunitario y los factores
ambientales puede desemperiar un papel importante en su desarrollo. Ademas, factores como
el tabaquismo, el estrés y el uso prolongado de antiinflamatorios no esteroideos también pueden

contribuir al desarrollo de la Ell (6,7).

Asi como las Ell, el sindrome metabolico también esta asociado con una inflamacion crénica
implicada en su patogénesis. El conjunto de factores de riesgo, como la obesidad abdominal,
resistencia a la insulina, hipertension arterial y dislipidemia, aumentan el riesgo de desarrollar
enfermedades cardiovasculares, como un ataque cardiaco o un accidente cerebrovascular (8).
La inflamacidn crdnica ocurre cuando el sistema inmunologico del cuerpo se activa de forma
persistente, lo que lleva a una produccion continua de citocinas proinflamatorias y a un estado
inflamatorio cronico. El tratamiento del sindrome metabdlico a menudo implica la reduccion
de la inflamacion cronica a través de cambios en el estilo de vida, como una dieta saludable,
ejercicio regular y control del estrés, ademas de medicamentos para controlar la presion arterial,
reducir los niveles de azlcar en sangre y disminuir los niveles de colesterol y triglicéridos.
Aunque las Ell y el sindrome metabdlico son condiciones diferentes, pueden estar relacionadas
en ciertos individuos, y una mejor comprensién de la inflamacién cronica puede ayudar en el

desarrollo de tratamientos mas efectivos para ambas condiciones (9).

Las evidencias clinicas han mostrado que el uso de fenoles aislados o de extractos ricos en
fenoles administrados en combinacién con medicamentos ya utilizados en la terapia de las Ell
y del sindrome metabdlico ha contribuido a mejorar la calidad de vida de los pacientes y para
mantener la enfermedad en remision (10,11). Los polifenoles son metabolitos secundarios

producidos por plantas que poseen propiedades antioxidante y antiinflamatoria, lo que los hace
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efectivos en la prevencion y tratamiento de estas enfermedades. Su notable capacidad
antiinflamatoria y antioxidante se debe a multiples mecanismos de accion, como la inhibicion
de la produccién o accion de mediadores proinflamatorios o incluso su fuerte influencia sobre

la microbiota intestinal (12-14).

En este escenario, la cactacea Nopalea cochenillifera (L.) Salm-Dyck, conocida popularmente
como nopal, nopal cactus o “palma forrageira doce ou miida” en portugués, es una buena
fuente de compuestos bioactivos antiinflamatorios. Sus cladodios son ricos en polisacéridos y
polifenoles (15), y se han utilizado ampliamente con fines agricolas, alimentarios y medicinales
(16). Tradicionalmente, se ha usado como antiinflamatorio y cicatrizante en el tratamiento de
enfermedades como la hipercolesterolemia, la presion arterial, problemas renales y urinarios, y
en el tratamiento de la diabetes (17,18). Estudios anteriores han informado sobre el potencial
antibiotico y antifungico del N. cochenillifera en ensayos in vitro (19,20). Ademas, se ha
observado la reduccion de los niveles de glucosa en estudios in vivo (21) y en un ensayo clinico
piloto (22). En cuanto a su efecto antiinflamatorio, la administracion oral del extracto
hidroalcoholico de los cladodios de N. cochenillifera ha demostrado una significativa actividad

antiinflamatoria en modelos de induccién de granuloma y Glcera gastrica en roedores (23,24).

Los polifenoles presentes en el extracto de N. cochenillifera ya se consideran una fuente
prometedora de agentes bioactivos. Sin embargo, cuando se trata de enfermedades inflamatorias
intestinales, dirigir estos compuestos activos a la region del colon y reducir las concentraciones
de extractos vegetales necesarias para lograr actividad farmacoldgica todavia son desafios por
superar. El desarrollo de sistemas de administracién de medicamentos capaces de transportar
las sustancias activas del extracto hasta el tejido del colon es una alternativa prometedora para
mejorar la biodisponibilidad oral y prolongar su retencion en el colon. Los sistemas
nanoestructurados han mostrado propiedades interesantes y prometedoras en este sentido, como
la mejora de la estabilidad, solubilidad y biodisponibilidad de compuestos naturales, asi como
la posibilidad de controlar la liberacién de los compuestos bioactivos y reducir las dosis y
frecuencias de administracion (25-27). Estrategias que involucren la encapsulacion del extracto
de N. cochenillifera y la direccion de su liberacion hacia la region del colon pueden potenciar

su eficacia y reducir la dosis terapéutica necesaria.

Teniendo en cuenta el potencial bioactivo de N. cochenillifera, es relevante destacar que esta
especie es una excelente opcién para el desarrollo de un insumo nacional, debido a su
adaptacion a la region nordeste de Brasil y a la presencia de cultivos establecidos. Esto permite

el desarrollo de toda la cadena productiva en el pais, desde el cultivo hasta el insumo y/o
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producto terminado, lo que puede tener impactos positivos en la economia local, como la
generacion de empleos y la promocién del desarrollo sostenible de la region. En este contexto,
la presente propuesta tiene como objetivo realizar un estudio fitoquimico del extracto de N.
cochenillifera y evaluar el efecto antiinflamatorio en modelos in vivo de inflamacién intestinal

y sindrome metabdlico.
OBJETIVO

El presente trabajo tuvo como objetivo realizar un estudio fitoquimico del extracto
hidroalcohdlico de cladodios de Nopalea cochenillifera, asi como evaluar la toxicidad y eficacia
en modelos in vivo de inflamacion intestinal y sindrome metabdlico. Ademas, este trabajo tuvo
como objetivo desarrollar y caracterizar un sistema nanoparticulado cargado con el extracto de
N. cochenillifera y evaluar el efecto farmacoldgico del extracto libre (NCE) y asociado a

nanoparticulas (NPE).
De esta manera, se propusieron cinco objetivos especificos:

1. Caracterizar fisicoquimicamente el extracto hidroalcohdlico de N. cochenillifera,
determinar el contenido de compuestos fendlicos totales y flavonoides totales y el perfil
cromatografico mediante cromatografia liquida de alta resolucion acoplada a
espectrometria de masas (CLAE-EM).

2. Evaluar la toxicidad oral aguda del extracto hidroalcohdlico de N. cochenillifera en
ratas.

3. Evaluar el efecto antiinflamatorio intestinal de diferentes dosis del extracto
hidroalcoholico de N. cochenillifera en un modelo de inflamacion intestinal
experimental inducido por acido 2,4-dinitrobenceno sulfénico (DNBS) en ratas.

4. Desarrollar, caracterizar y evaluar los efectos de un sistema nanoparticulado cargado
extracto hidroalcohdlico de N. cochenillifera en un modelo de inflamacion intestinal
experimental inducido por sulfato de sodio de dextrano (DSS) en ratones.

5. Evaluar el efecto del extracto hidroalcohdlico de N. cochenillifera en un modelo

experimental de sindrome metabdlico inducido por una dieta alta en grasas en ratones.
METODOLOGIA

1. Preparacién y caracterizacion fisicoquimica del extracto hidroalcohdlico de N.
cochenillifera (NCE)



Resumen

Los cladodios de N. cochenillifera fueron recolectados, luego fragmentados en pedazos méas
pequefios, secados en estufa de aire circulante, triturados y sometidos a extraccion por el método
de maceracion con solvente hidroalcohdlico en la proporcion 1:10 (p/v). En el anlisis
fisicoquimico del NCE, se determinaron el pH, la acidez titulable, los contenidos de humedad,
cenizas, extracto etéreo, fibra bruta, proteinas y carbohidratos totales. Estos analisis se
realizaron de acuerdo con los métodos recomendados por AOAC (2020). El contenido total de
fenoles del extracto de NCE se determind mediante el método del reactivo Folin-Ciocalteu (28)
y el contenido total de flavonoides se determiné mediante el método colorimétrico del cloruro
de aluminio (29). El perfil cromatogréfico se determiné mediante cromatografia liquida de alta
eficiencia acoplada a espectrometro de masas con fuente de ionizacién por electrospray (CLAE-
IES-EM).

2. Evaluacion de la toxicidad oral aguda del NCE en ratas

La toxicidad aguda por via oral del extracto de N. cochenillifera se llevd a cabo siguiendo los
criterios recomendados por la OECD, 2001 (Guidelines for Testing of Chemicals) (30). Se
utilizaron ratas de la cepa Wistar (Rattus norvegicus). El grupo de prueba recibié una dosis
Unica de 2000 mg/kg de NCE. En los dias 1, 7 y 14 despues de la administracion de NCE, se
sometio a los animales del grupo de prueba y de control a pruebas de comportamiento y motor
(prueba de campo abierto y rota-rod). En el dia 15, los animales fueron anestesiados y se realizo
una extraccion de sangre por puncion cardiaca para realizar andlisis hematologicos y
bioguimicos. Los organos (higado, rifibn y bazo) de los animales fueron examinados

macroscopica y microscopicamente.
3. Estudio de la actividad antiinflamatoria intestinal “in vivo”

La induccidn de la inflamacion intestinal se efectué mediante el uso de DNBS en ratas (31) y
DSS en ratones C57BL/6J (32). En el estudio con DNBS, se administraron 3 diferentes dosis
de NCE (100, 200 y 300 mg/kg/dia) a los animales. En el estudio con DSS, se investigé el
efecto antiinflamatorio del extracto libre (200 mg/kg/dia) y del extracto incorporado en
nanoparticulas poliméricas. En ambos casos, se evaluo el indice de actividad de la enfermedad
(IAD) mediante la variacion del peso corporal, la presencia de hemorragia rectal y la
consistencia de las heces (32). Después de la eutanasia, se evaluo la expresion de marcadores
inflamatorios y oxidativos, asi como un andlisis microscopico en muestras de colon. Ademas,

se realiz6 una evaluacion de la permeabilidad intestinal mediante el método de administracion
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oral de FITC-dextrano en los animales sometidos a la induccion inflamatoria intestinal por DSS
(33).

4. Obtencidn y caracterizacién de las nanoparticulas poliméricas

Las nanoparticulas cargadas con extracto de N. cochenillifera (NPE) se prepararon mediante el
método de nanoprecipitacién (34,35). Las nanoparticulas se caracterizaron segin su tamafo,
indice de polidispersion (Pdl), potencial zeta, eficiencia de encapsulacion (EE) y morfologia.

La estabilidad fisica de las nanoparticulas se evalu6 durante un periodo de 30 dias.
5. Estudio del efecto del extracto de N. cochenillifera en un modelo de sindrome metaholico

Se dividieron aleatoriamente ratones machos C57BL/6J en cuatro grupos experimentales:
control (dieta estandar); control + NCE (dieta estandar, tratados con NCE (200 mg/kg)), control
(dieta rica en grasas) y control + NCE (dieta rica en grasas, tratados con NCE (200 mg)) (36).
Durante el periodo experimental de 10 semanas, se evaluo el peso corporal y la ingesta de agua
y comida. Una semana antes de la eutanasia, los ratones fueron privados de alimentos durante
6 horas y se realizé una prueba de tolerancia a la glucosa. Al final del experimento, los animales
fueron anestesiados y se realizd una extraccion de sangre por puncion cardiaca para medir los
niveles plasmaticos de glucosa. Se recolectaron y pesaron el higado, bazo, rifiones, colon, grasa
abdominal, epididimal y marrdn, y se analizaron macroscopicamente. Se procesaron muestras
de higado, colon y/o tejido adiposo para determinaciones bioquimicas y evaluar la expresion

génica de diferentes marcadores mediante PCR cuantitativa en tiempo real (RT-qPCR).
RESULTADOS

El contenido de fenoles y flavonoides totales por gramo de extracto seco fue de 67,85 y 46,16
mg/g, respectivamente. A través del analisis por CLAE-IES-EM, se caracterizaron un total de
25 compuestos como sacaridos, acidos organicos, acidos fenolicos y flavonoides. En el estudio
de toxicidad, la dosis de 2000 mg/kg de extracto administrada por via oral no mostré signos de
toxicidad, mortalidad o alteraciones significativas en los parametros conductuales, bioquimicos

y hematoldgicos.

En cuanto a los efectos antiinflamatorios intestinales en la induccién con DNBS, el anélisis
macroscopico del colon indico que el NCE disminuyd el indice de actividad de la enfermedad
(IAE). La concentracion de interleucina (IL) 1 beta y factor de necrosis tumoral alfa (TNF-a)
disminuyeron, de la IL-10 aumentd y los niveles de malondialdehido (MDA) y mieloperoxidasa

(MPO) disminuyeron en comparacion con el grupo control. Ademas, se observd una
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disminucion en la expresion génica de marcadores inflamatorios como proteina quinasa
activada por mitogenos 1 (MAPK-1) y factor nuclear kappa B (NF-xB p65) en las muestras de
colon. La integridad epitelial mejor6 segun los andlisis histopatologicos e
inmunohistoquimicos. Los grupos que recibieron dosis de 200 y 300 mg/kg presentaron mejores

resultados.

Los andlisis fisicoquimicos mostraron que las nanoparticulas cargadas con extracto (NPE) son
esféricas, con carga superficial positiva, tamafio de 76,45 nm, potencial zeta positivo, alta
eficiencia de encapsulacion (EE = 100%) y estables por 30 dias. En cuanto a los efectos
antiinflamatorios intestinales en la induccién con DSS, se observd que el tratamiento con el
NCE (200 mg/kg) y con NPE (4 mg/kg) también redujo el indice de actividad de la enfermedad
(IAD), previno el acortamiento del colon y promovio la reduccion en la expresion de
marcadores inflamatorios como IL-1pB, TNF-a, IL-6, receptor toll-like tipo 4 (TLR-4), proteina
quimioatrayente de monocitos 1 (MCP-1), proteina inflamatoria de macrofagos 2 (MIP-2),
molécula de adhesion intercelular 1 (ICAM-1) y oOxido nitrico sintasa inducible (iNOS).
Ademas, se observo una mejora en la integridad de la mucosa intestinal de los animales tratados
con NCE y NPE a través de un aumento en la expresién de marcadores de barrera como Zona
de oclusion 1 (ZO-1), Ocludina (OCLN) y Mucina 3 (MUC-3), los hallazgos histopatolégicos

corroboraron estos resultados.

Los efectos del NCE también fueron positivos en un modelo de sindrome metabolico inducido
en ratones mediante una dieta alta en grasas. La administracion de NCE en ratones obesos
redujo significativamente el peso corporal en comparacion con el grupo no tratado, aunque no
se observaron diferencias significativas en el consumo de energia entre estos grupos. La
administracion de NCE también redujo la glucemia basal y la resistencia a la insulina, mostro
una mejora en el perfil lipidico plasmatico en comparacién con los ratones obesos no tratados
y resulté en un aumento significativo en la expresion del transportador de glucosa (GLUT-4)
en el higado, confirmando asi el aumento de la sefializacion de insulina, evidenciado por la
reduccion de los niveles de glucosa en sangre en los ratones obesos tratados. La expresion del
receptor de leptina (Leptina-R) en el tejido hepatico de los ratones obesos tratados se redujo,
pero hubo una recuperacion significativa con el tratamiento con NCE. Ademas, se observo un
aumento en la expresién del receptor activado por proliferadores peroxisomicos tipo alfa
(PPAR-a) en el grupo tratado. La expresion proteica de la proteina quinasa activada por
monofosfato de adenosina (AMPK) y de la fosfatidilinositol 3-quinasa (P13K) en el higado de

los ratones alimentados con HFD se redujo, pero hubo una recuperacion significativa en los
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animales tratados. Los andlisis de la expresion de los marcadores de barrera intestinal (ZO-1y
MUC-3) en muestras de colon de ratones obesos tratados indicaron que el extracto fue capaz
de mejorar la integridad de la barrera intestinal, la cual se ve normalmente comprometida en

ratones obesos.
CONCLUSION

La administracion de NCE en el modelo DNBS de inflamacion intestinal y de NCE y NPE en
el modelo DSS, mostrd un efecto preventivo y antiinflamatorio al reducir la puntuacion del
indice de actividad de la enfermedad y el dafio macroscopico y microscopico del colon. A través
de los analisis moleculares realizados, se pudo observar que NCE y NPE disminuyeron los
niveles de mediadores inflamatorios y oxidativos, y promovieron la regulacién negativa de la
expresion de genes de importantes vias inflamatorias y oxidativas. Ademas, NCE y NPE
contribuyeron a la mejora de la integridad epitelial segun el analisis de marcadores de barrera
y mediante técnicas histoldgicas. El extracto libre y el asociado a nanoparticulas mostraron
resultados similares, sin embargo, la dosis de NCE incorporada en NPE fue 50 veces inferior a

la dosis de extracto libre evaluada en el ensayo de induccién inflamatoria intestinal por DSS.

En los ensayos de sindrome metabolico inducido por dieta, el NCE mostro una mejora del perfil
metabolico de los ratones obesos, asi como una reduccion significativa del aumento de peso
corporal. Estos efectos se asociaron a una mejora del estado inflamatorio sistémico y parecen
estar implicados diferentes mecanismos, destacamos los posibles efectos inmunomoduladores
de los compuestos fendlicos, ya que éstos pueden tener efectos beneficiosos sobre la regulacion
de genes implicados en procesos metabolicos, inflamatorios y de estrés oxidativo. Sin embargo,

se necesitan mas estudios para comprender plenamente los mecanismos subyacentes.

Los resultados preclinicos in vivo indican que el NCE libre o incorporado en nanoparticulas es
beneficioso para prevenir la colitis inducida y el sindrome metabolico, por lo tanto, los
resultados de este estudio apoyan futuras investigaciones sobre el potencial terapéutico del
extracto de N. cochenillifera en el tratamiento de las enfermedades inflamatorias intestinales y
del sindrome metabdlico e indica su prometedor potencial como un ingrediente bioactivo
prometedor para el desarrollo de fitoterapéuticos o suplementos funcionales innovadores en el

tratamiento complementario de estas enfermedades.
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1.1 INFLAMMATORY BOWEL DISEASE (IBD)

Inflammatory bowel disease (IBD) is a group of disorders that cause chronic inflammatory
conditions in the gastrointestinal tract. The incidence of IBD has been increasing in many
countries over the past few decades, particularly in developing countries undergoing rapid
urbanization and westernization (37). The reasons for this increase are not fully understood, but

it is believed to be related to changes in diet, lifestyle, and environmental factors.

IBD is considered a public health problem in many countries due to its significant impact on
healthcare utilization and costs. Recurrent hospitalizations, frequent surgeries, and the high
expense of drug treatments can place a substantial burden on healthcare systems and for
individuals affected by the disease. In addition, IBD can significantly impact a person's quality

of life, as it can cause chronic pain, discomfort, and even disability in severe cases (38).

Crohn's disease (CD) and ulcerative colitis (UC) are the two main types of inflammatory bowel
disease (IBD). In both conditions, the diagnosis of IBD usually involves a combination of
medical history, physical examination, blood tests, and imaging tests such as colonoscopy.
However, while they share some similarities, the CD and UC differ in symptoms, location in
the gastrointestinal tract, and complications (39). Table 1 describes the main differences

between Crohn's disease and ulcerative colitis.

Table 1. Differences between Crohn disease and ulcerative colitis.

Feature Crohn’s Disease Ulcerative Colitis
It can occur anywhere in the digestive tract,

Location Limited to the colon and rectum
from mouth to anus
. Inflammation occurs in patches, with healthy| Inflammation is continuous along the
Inflammation . X
tissue in between colon
Abdominal pain, diarrhea, weight loss,|Abdominal pain, diarrhea, rectal
Symptoms

fatigue, anemia bleeding, urgency, tenesmus

Fistulas (abnormal connections between
different parts of the digestive tract),
abscesses, strictures (narrowing of the
digestive tract), bowel obstruction

Toxic megacolon (severe dilation of the
colon), colon cancer, perforation, severe
bleeding

Complications

Etiopathogenesis

The exact cause of IBD is still unknown, but it is believed to result from a complex interaction

between genetic, environmental, and immune factors.
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Genetic factors

Research suggests that specific genes may make some people more susceptible to developing
IBD. Several genes have been associated with increased risk of IBD; for example, the
Nucleotide Binding Oligomerization Domain Containing 2 (NOD2) gene (previously known as
CARD15) participates in the regulation of the immune system and is one of the most well-
studied genetic risk factors for Crohn's disease. Variations in the NOD2/CARD15 gene have
been linked to a higher risk of developing the disease (40). The Interleukin 23 Receptor (IL23R)
is involved in the regulation of the immune system and has been associated with both Crohn's

disease and ulcerative colitis (40).

The protein-coding gene, autophagy Related 16 Like 1 (ATG16L1), plays a role in the process
of autophagy and is involved in removing damaged cells from the body. Scientists have related
variations in the ATG16L1 gene to an increased susceptibility to Crohn's disease (41). In
addition, the immunity-related GTPase family M (IRGM) gene is also involved in the process
of autophagy and has been associated with an increased risk of developing Crohn's disease (42).
Finally, the tumor necrosis factor superfamily 15 (TNFSF15) is the gene most consistently
associated with irritable bowel syndrome, is involved in regulating the immune system, and has
been linked to Crohn's disease and ulcerative colitis (43). It is important to note that possessing
these genes does not guarantee the development of the disease, and the absence of a family

history of the disease does not exclude the possibility of someone developing IBD (41).
Environmental factors

Environmental factors may also play a role in the development of IBD. For example, studies
have shown that diet, smoking, some medications, and exposure to certain types of bacteria or
viruses may increase the likelihood of developing the condition (44-46). In addition, studies
have suggested that a diet high in fat, sugar, and processed foods, may increase the risk of
developing IBD. On the other hand, a diet that is high in fiber, fruits, and vegetables may be

protective to avoid the disease development (47,48).

Studies have consistently shown that smoking increases the risk of developing CD and a more
severe clinical course. Smoking has been shown to affect the immune system, the microbiota,
and the permeability of the intestinal mucosa, leading to an influx of harmful substances and
bacteria into the intestine (44,49). The link between smoking and IBD is complex, and the
effects of smoking may vary depending on the type of IBD. While smoking is a risk factor for

CD, it appears to have a protective effect against UC (50,51).
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The use of antibiotics has been correlated with an increased risk of developing IBD, possibly
by altering the gut microbiota. A recent meta-analysis of observational studies found that
antibiotic use was associated with a 1.5-fold increased risk of developing IBD (52).
Additionally, studies have suggested that exposure to certain types of bacteria or infections
during childhood may be protective against the development of IBD. This theory has become
known as the "hygiene hypothesis" (53). The intestinal microbiota is a complex and dynamic
ecosystem that can influence a wide range of environmental factors, including diet, pollution,
antibiotics, and infectious agents. Understanding these influences is crucial for implementing

strategies to prevent and treat 1BD.

Intestinal microbiota in IBD

The intestinal microbiota participates in many processes, including digestion, nutrient
absorption, immune system function, and the production of vitamins and other essential
compounds. It also helps prevent harmful microorganisms from colonizing the digestive tract
and can impact overall health and disease. The intestinal microbial communities in patients with
IBD are significantly different from those in healthy individuals, a condition called dysbiosis.
Studies have shown that the bacteria concentration is higher in IBD patients than in healthy
controls (54-56).

However, despite the increase in bacterial concentration, the gut microbiota in IBD patients is
characterized by fewer bacterial species and is unstable over time, even in patients in remission
(56). In a healthy gut, the microbiota is dominated by the phyla Bacillota (synonym Firmicutes)
and Bacteroidota, followed by Actinobacteria and Proteobacteria in lesser amounts. In
contrast, in IBD, there is a decrease in Firmicutes and Bacteroidetes, while Actinobacteria and
Proteobacteria are considerably increased (57). Furthermore, IBD patients show reduced
diversity of the gut microbiota, which is correlated with a decline in the diversity of Firmicutes
and in genera such as Faecalibacterium, Bifidobacterium, and Lactobacillus, which are
associated with mucosal protection in the intestine (58,59). On the other hand, species
belonging to the family Enterobacteriaceae are relatively expanded in fecal samples from IBD
patients, including facultative aerobes and different translocating and gram-negative pathogens

like adherent invasive Escherichia coli (60,61).

Gram-negative bacterial overgrowth in the intestine has been linked to increased
lipopolysaccharides (LPS) levels, which can trigger an immune response and lead to chronic

inflammation. In addition, dysbiosis can also lead to an oxidative stress environment in the
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intestine, which in turn can contribute to tissue damage and a further increase in pro-
inflammatory cytokines. This cycle of chronic inflammation and tissue damage can lead to the
development and exacerbation of IBD (62). In summary, Figure 1 shows various factors that
can interfere with the composition of the gut microbial community and some effects of

dysbiosis in IBD.

Factors affecting the microbiome

[ Genetic ]( Bith route J(Geography)( Higyene )( Stress )( Diet )( Drl;g )
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« Inflammation

o Oxidative stress

« Increase in gram-negative bateria
Infection (opportunistic/pathogenic)
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Figure 1. Factors affecting the stability and complexity of the intestine microbiome in health and inflammatory
bowel disease (IBD). In the healthy intestine, important physiological processes are preserved, such as protection
against pathogens, immune system training, and food digestion to supply energy and nutrients, including vitamins
and short-chain fatty acids (SCFAs). Many factors are indicated to impact the microbiome throughout life,
including genetics, diet, and medication, among others (marked in the grey boxes at the top of the figure). The
characteristics of an imbalanced microbiome in the case of IBD include, for example, an increase in Gram-negative
bacteria linked to an environment of oxidative stress and inflammation.

In some cases, specific interventions such as probiotics or fecal microbiota transplantation
(FMT) may be used to restore the gut microbiota and alleviate symptoms of IBD (63-65). In
addition to these interventions, studies have suggested that dietary phenolic compounds found
in many plant-based foods may have anti-inflammatory effects and help alleviate symptoms of
IBD. In animal studies, these compounds have been shown to modulate the gut microbiota and
reduce inflammation. In addition, some human studies have suggested that phenolic compounds

may benefit people with IBD (66,67).
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Intestinal Barrier Dysfunction in IBD

The intestinal barrier is a complex structure composed of several components that work together
to maintain its integrity. These components include the intestinal epithelial cells, the mucus
layer, and the intestinal microbiota. The intestinal epithelial cells are the primary physical
barrier between the luminal contents and the underlying tissues. These cells are tightly packed
together, forming a layer preventing harmful substances from passage. In addition, the tight
junctions between the epithelial cells are critical for maintaining the integrity of the barrier, as

they contain the movement of large molecules and pathogens (68).

Intestinal barrier dysfunction in IBD can be attributed to multiple factors, including changes to
the mucus layer and alterations to the intestinal microbiome. In IBD, the mucus layer that lines
the intestine is thinner and less effective, which enables harmful bacteria to interact with
epithelial cells and trigger an inflammatory response. Mucins are large, highly glycosylated
proteins that protect the gastrointestinal tract by forming a protective barrier against luminal
contents, including bacteria and toxins (69). In addition, goblet cells are responsible for
producing and secreting various bioactive molecules such as mucins and trefoil factor peptides
(TFFs). The secreted mucins include the secretory mucin glycoproteins (MUC-2) and epithelial
membrane-bound mucins (MUC-1 and MUC-3). MUC-2 is the major secreted mucin in the
small intestine and colon and is critical for forming the mucus layer in the gastrointestinal tract
(70).

The intestinal epithelial barrier can also be compromised due to changes in the tight junctions
(TJ) and desmosomes, the primary intercellular junctions that provide the structural integrity of
the intestinal epithelium (68). Tight junctions, also known as zonula occludens (ZO), are the
most apical component of the epithelial junctional complex and form a seal between adjacent
cells, preventing the paracellular movement of solutes, ions, and immune cells. TJ consist of
transmembrane proteins, including claudins, occludin, and junctional adhesion molecules
(JAMs), which interact with cytoplasmic scaffolding proteins, such as ZO (ZO-1, ZO-2, and
Z0-3) (71). For example, ZO-1 is a positive regulator of the mucosal barrier, and the negative

regulation of this protein increases its permeability (72) (Figure 2).
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Figure 1. Structural integrity of the intestinal epithelial barrier and interactions between adjacent cells via the tight
junctions. The proteins forming these junctions are claudin, occludin, and zonula occludens-1 (Zo-1), interacting
with the cytoskeletal filaments (actin and myosin). The proteins of the junctional adhesion molecules (JAMs) that
interact with actin. Further down is the desmosome.

In IBD, the expression and distribution of tight junction proteins, including occludin and
claudin, can be altered, leading to increased permeability of the intestinal epithelium. Studies
have shown that reduced expression of occludin and claudin-1 is associated with increased
intestinal permeability in patients with IBD. Overall, alterations in the TJ in IBD can lead to
increased intestinal permeability, allowing for the translocation of luminal antigens, such as
bacteria and endotoxins, into the lamina propria, triggering an immune response and

inflammation (71).
Immune Response

IBD involves a dysregulated immune response in the gut, including innate and adaptive immune
responses. The innate immune system is composed of physical and chemical barriers and
various defense cells. The principal cells of the immune system are macrophages, neutrophils,
mast cells, eosinophils, basophils, T and B lymphocytes, natural Killer (NK) cells, and dendritic
cells. These cells work together to recognize and eliminate foreign particles, such as viruses,
bacteria, and parasites, to protect the body from infection and disease. The innate immune
system acts as the first line of defense, while the adaptive immune system, which includes T
and B lymphocytes, provides a more specific and targeted response to invading pathogens (73—
75).
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During an intestinal inflammatory response, leukocytes (including macrophages, neutrophils,
lymphocytes, and dendritic cells) interact with inflammatory mediators such as nuclear factor
kappa b (NF-kB p65), TNF-a, interleukins (IL-1p and IL-6), and cyclooxygenases (COXs),
through the activation of signaling molecules. These interactions lead to the recruitment of other
immune cells to the area of inflammation and the release of cytokines and chemokines that
promote inflammation. The intestinal inflammatory response typically occurs in four phases:
the initiation phase, amplification phase, effector phase, and resolution phase. In the first phase,
the vascular phase, vasodilation occurs, leading to an elevation of blood flow to the injury site.
This causes the affected area to become reddened and warm. The inflammatory mediators also

cause the vascular endothelial cells to contract, increasing capillary permeability (74).

In the second phase, circulating immune cells, including neutrophils, macrophages, and other
cells, migrate from the blood vessels to the site of injury and use a variety of mechanisms to
neutralize and remove the inflammatory trigger. These cells can phagocytize the invading
pathogens and release cytotoxic proteins or chemicals to eliminate the pathogens. The
communication between immune cells occurs through various mechanisms, including contact-
mediated signaling and chemical signals from cytokines and chemokines. Chemokines such as
monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-2(MIP-2)
act as chemoattractants, recruiting immune cells to the site of injury or infection. This allows
for a coordinated response to the inflammatory trigger, helping to clear the infection or

neutralize the trigger (76,77).

After pathogen recognition, antigen-presenting cells (APCs) such as macrophages and dendritic
cells process and present the antigenic fragments to T-cells and B-cells through major
histocompatibility complex (MHC) proteins on their surface. This process is called antigen
presentation and is essential for activating adaptive immune responses. Once activated, T and
B cells differentiate into effector cells, producing specific cytokines and antibodies that help to
eliminate the offending agent and promote tissue repair (78). T cells and B cells play essential
roles in the adaptive immune response. T cells recognize processed antigens presented by
APCs. They can activate other immune cells, such as B lymphocytes and macrophages, and
coordinate the inflammatory response by releasing cytokines and chemokines. CD8+ T cells,
also known as cytotoxic T cells, recognize antigen/MHC class | complexes on infected cells
and promote their destruction. On the other hand, CD4+ T cells, also known as helper T cells,
recognize antigen/MHC class Il complexes on APCs and activate B lymphocytes to produce

antibodies and macrophages to eliminate invading microorganisms. The antibodies produced
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by B lymphocytes can neutralize or mark invading microorganisms for destruction by other

immune cells (79).

The innate immune system also responds efficiently to a wide range of pathogens through
pattern recognition receptors (PRRs) that identify pathogen-associated molecular patterns
(PAMPs), which are conserved molecular structures present in pathogens but not host cells.
Recognition of PAMPs by PRRs initiates the innate immune response, leading to the activation
of various immune cells and the production of cytokines and chemokines. Toll-like receptors
(TLRs) are PPRs that play a role in recognizing PAMPs and initiating the innate immune
response (80). In IBD, TLRs can be stimulated by aggressive agents or activated dendritic cells
within the intestinal epithelium, leading to chronic inflammation due to the failure of acute
inflammatory mechanisms to eliminate tissue damage. The activated dendritic cells in the
intestinal epithelium can stimulate TLRs and activate T cells, including CD4+ T cells. These T
helper (Th) cells can then differentiate into various subsets, such as Thl, Th2, Thl7, and
regulatory T (Treg) cells, turning on the specific cytokine environment and the nature of the
antigenic stimulation (81). Thl cells are known to produce and secrete the cytokines interferon-
gamma (IFN-y) and TNF-B, which engage in protecting against infections by viruses and
bacteria, as well as in the elimination of cancerous cells. Th2 cells, on the other hand, produce
and secrete the cytokines IL-4, IL-5, IL-10, and IL-13, which are involved in activating B
lymphocytes and promoting antibody production. Th17 cells have and secrete the cytokines IL-
17, IL-6, IL-12, and TNF-a, which are involved in tissue inflammation and the activation of

neutrophils to fight extracellular bacteria (Figure 3) (82-84).

Signaling through TLRs also activates an intracellular signaling cascade, leading to the nuclear
translocation of transcription factors, such as NF-kB. Upon binding to their ligands, the TLRs
receptors initiate a signaling cascade that activates IkB kinase. Activated IKK complex then
phosphorylates inhibitor of kappa B (IkB), leading to its ubiquitination and subsequent
degradation by the proteasome. This releases NF-xB dimers, such as p65/RelA and p50, from
their cytoplasmic sequestration by IkB, allowing them to translocate to the nucleus. Once in the
nucleus, NF-xB dimers bind to specific DNA sequences in the promoter regions of target genes
and initiate transcription of pro-inflammatory cytokines, chemokines, adhesion molecules, and

other mediators of inflammation (Figure 3) (85,86).
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Figure 2. An aggressor agent's breakdown of intestinal homeostasis can trigger the chronic inflammatory process
that characterizes IBD. During the initial inflammation, luminal antigens (substances that stimulate an immune
response) activate different innate immune cells in the gut, including dendritic cells, macrophages, and T
lymphocytes. The abnormally activated T helper (Th) cells, in coordination with antigen-presenting cells (APCs)
such as macrophages and dendritic cells, synthesize and release distinct inflammatory mediators that generate an
amplified inflammation, which leads to intestinal inflammation. The luminal antigens and activated dendritic cells
can also stimulate toll-like receptors (TLRs) located on immune cells, which signal the NF-«xB p65 release pathway
by phosphorylation of the IKK complex. NF-kB p65 is then translocated to the cell nucleus promoting the gene
transcription of different inflammatory and oxidative mediators (cytokines, chemokines, adhesion molecules, and
nitric oxide inducible synthase enzyme - iNOS) that amplify the intestinal inflammatory process. In addition, NF-
kB also promotes the intestinal barrier deregulation by down-regulating genes related to intestinal protection
production, epithelial restitution, and intestinal permeability of the intestine.

Chronic inflammation is a prolonged and sustained immune response that can lead to tissue
damage and destruction if left unchecked. In the case of IBD, chronic inflammation can cause
damage to the intestinal wall, leading to complications such as strictures, abscesses, and fistulas.

The goals of IBD treatment are to achieve remission of acute phase symptoms and maintain
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remission by controlling chronic inflammation. This is typically done using anti-inflammatory
drugs, immunosuppressants, and biological agents. In addition to managing inflammation, the
treatment aims to prevent disease flares and associated complications. Improving the quality of
life of patients with IBD is also an important goal of therapy, as the symptoms of the disease
can significantly impact daily life (87,88).

Treatment of IBD

The treatment of IBD typically involves a combination of pharmacological and/or surgical
approaches, depending on the type and severity of the disease. The primary goal of treatment
is to control inflammation and reduce symptoms while promoting the healing of the damaged
tissue in the digestive tract. Therefore, accurately diagnosing a patient's specific inflammatory

bowel disease (IBD) type is crucial in determining the most appropriate treatment (89).

Some of the most common treatment practices include corticosteroids, such as prednisone, often
used to reduce inflammation and relieve symptoms in the short term. However, they are
generally not recommended for long-term use due to potential side effects. Anti-inflammatory
medications like mesalazine (5-aminosalicylic acid or 5-ASA) are commonly used to treat mild
to moderate cases of IBD (90,91). They work by reducing inflammation in the lining of the
intestine. Immunosuppressive medications like azathioprine and cyclosporine are used to
suppress the immune system, which can help to reduce inflammation in the digestive tract.
These medications may be used in moderate to severe IBD cases or when other treatments are
ineffective. Anti-inflammatory monoclonal antibodies, such as infliximab and adalimumab, are
a newer class of medications targeting specific immune system proteins to reduce inflammation.
These medications may be used for moderate to severe cases of IBD. Anti-diarrheal medications
and antibiotics may also manage symptoms and prevent complications. Analgesics, or pain
medications, may relieve abdominal pain associated with IBD. Iron supplements may be

necessary in cases of anemia due to blood loss from the digestive tract (92,93).

In some cases, surgery may be required to remove damaged tissue or repair complications such
as fistulas or strictures. Surgical options for IBD include colectomy, ileostomy, and other
procedures that may be performed laparoscopically or with traditional open surgery. Other
complementary therapies studied for IBD include dietary supplements, herbal medicine,
functional foods, probiotics, acupuncture, and mind-body therapies. In this sense, polyphenols
may have anti-inflammatory and antioxidant effects, which could benefit people with IBD.
(93,94).
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Alternative and complementary therapies: Polyphenolics and IBD

Polyphenols, also known as phenolic compounds, are secondary metabolites found in plants
and can be found in fruits, vegetables, grains, teas, wines, and many other foods. Their chemical
structure is characterized by at least one phenyl ring and one or more hydroxy! groups (-OH)
directly attached to the aromatic ring (Figure 4). Phenolic compounds can be broadly classified

into two main groups: flavonoids and non-flavonoids (95).

Flavonoids are characterized by their unique chemical structure composed fifteen-carbon
skeleton consisting of two benzene rings (A and B) linked via a heterocyclic pyran ring (C).
They can be divided into various subclasses, such as chalcones, flavonols, flavones, flavan-3-
ols, isoflavones, flavanones, and anthocyanins, among others (Figure 4). Non-flavonoid
phenolic compounds include phenolic acids, stilbenes, coumarins, and lignans (96,97). Phenolic
acids are the most common non-flavonoid phenolics, which can be further categorized into two

subgroups: hydroxybenzoic acids (e.g., gallic acid) and hydroxycinnamic acids (e.g., caffeic

acid) (95).
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Figure 3. Basic chemical structure of phenolic acids and the major flavonoid classes.

Flavonoids can be found as aglycone or as several sorts of glycosylated. Most flavonoids are

present in nature as glycosides that are associated with sugar in conjugated form as
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monoglycosidic, diglycosidic derivatives. The glycosidic linkage can be located at various
positions on the flavonoid molecule, but the most common positions are 3 and 7. The
carbohydrate unit that is conjugated with the flavonoid can also vary, with glucose, rhamnose,
galactose, and arabinose being the most common. In addition to glycosylation, flavonoids can
also be acetylated, methylated, and sulfated. These modifications can affect the biological
activity and bioavailability of the flavonoid, as well as its solubility and stability in different

environments (95).

Studies have investigated the potential benefits of polyphenols found in various plants for
managing symptoms and improving the quality of life in individuals with IBD. Quercetin,
quercitrin, rutin, curcumin, naringenin, chlorogenic acid, resveratrol, and kaempferol are all
polyphenols studied for their potential benefits in IBD. These compounds have been exhibited
to possess anti-inflammatory and antioxidant properties, which may help decrease

inflammation and oxidative stress in the digestive tract (98-100).

Curcumin, found in turmeric, has been indicated to have anti-inflammatory effects in preclinical
(101,102) and clinical studies, controlling symptoms such as abdominal pain, diarrhea, and
inflammation in individuals with IBD (103-105). Resveratrol, found in grapes and berries, has
also been shown to have anti-inflammatory and antioxidant properties. This polyphenol may
favor beneficial bacteria in the gut, which may help alleviate colitis and decrease the number
of pro-inflammatory pathogenic or opportunistic microbes (106-108). Clinical studies on
isoflavone supplementation in IBD patients have also shown a positive correlation in

maintaining the remissive state of the disease (109,110).

In addition, the various polyphenols mentioned, such as quercetin, curcumin, and resveratrol,
have been observed to improve the inflammatory process in IBD by modulating the immune
response. This results in a noticeable decrease in the levels of cytokines such as IFN-y, TNF-q,
IL-6, IL-1p, IL-8, IL-17, chemokines such as MIP-2 and MCP-1, and adhesion molecules such
as ICAM-1. Additionally, polyphenols promote the inhibition of eicosanoid synthesis by
reducing COX enzyme production, which can also contribute to their anti-inflammatory effects
(111-114).

Indeed, phenolic compounds have many positive effects on human health, but they use have
some limitations and challenges. Some phenolics are easily degraded during storage or
processing due to auto-oxidation, epimerization, hydrolysis, and crystallization (115).

Furthermore, their bioavailability (absorption, distribution, metabolism, and excretion) to



l. Introduction

human organisms is poor due to physicochemical features like poor water dispersibility and
metabolic changes during digestion. A delivery system is necessary to overcome these
challenges and improve their bioefficacy in natural conditions. The nano-delivery system
loaded with phenolic compounds is a strategy to enhance their efficacy and target delivery
(116-118). These approaches aim to maintain the bioactivity of phenolics after oral
administration by using nano-delivery systems that can specifically target the colon tissue
(119). This can enhance the pharmacological action of phenolics and improve their

effectiveness as a therapeutic alternative for 1BD.
Nanoparticle-mediated active compound delivery systems for the treatment of IBD

Nanoparticle (NP)-mediated delivery systems for active compounds have emerged as a
promising approach for treating IBD. NPs are nanoscale particles with dimensions typically
ranging from 1 to 100 nanometers and can encapsulate and deliver active compounds
specifically to inflamed sites in the gastrointestinal tract, thereby improving therapeutic efficacy

and minimizing side effects (120).

Several types of nanoparticles can be used to transport actives into IBD, including liposomes,
polymeric nanoparticles, solid lipid nanoparticles, and others. These systems can be ideated and
developed by assigning various properties, such as size, surface charge, and surface

functionalization, to optimize their drug delivery capability (121).

Actually, one of the main advantages of nanoparticle-mediated active delivery for IBD is the
ability to improve drug stability and bioavailability. Many active compounds used in IBD
treatment, such as corticosteroids and immunosuppressive drugs, are susceptible to degradation
in the gastrointestinal environment (121). Encapsulating these compounds within nanoparticles
can improve their stability, allowing for sustained and controlled action release at the target
site. Nanoparticle-mediated drug delivery systems for IBD also provide the potential for
combination therapy. Multiple active compounds with complementary mechanisms of action
also can be encapsulated in the same nanoparticle, allowing for synergistic effects and improved

treatment outcomes (122).

The development of nanoparticles targeting the colon has attracted the attention of researchers
as a strategy for new formulations to treat UC due to their ability to accumulate in the inflamed
colonic mucosa selectively (123,124). In addition, studies have shown that drug administration
directed to the colon can reduce the dosage and minimize systemic absorption of active

substances to avoid adverse effects (125,126). Furthermore, colon-targeted NPs exhibit
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adhesion to inflamed colonic tissues, increase the systemic bioavailability of poorly absorbed

active compounds, and favor the retention time of actives in the colon in models of experimental

intestinal inflammation (127,128).

Nanoparticle systems have also been studied as a delivery method for phenolic compounds to

improve their bioavailability and efficacy. These nanoparticles can protect phenolic compounds

from degradation in the gastrointestinal tract and facilitate their absorption by the body

(129,130). A study using chitosan nanoparticles loaded curcumin coated with Eudragit FS 30D

investigated the anti-inflammatory effect it for treating IBD. The results showed that curcumin-

loaded nanoparticles could reduce inflammation and improve mouse colitis symptoms (131).

Some studies have investigated different types of nanoparticle systems associated with various

phenolic compounds for treating intestinal disease, as summarized in Table 2.

Table 2. Application of phenolic-loaded nanocarriers in 1BDs.

Phenolic Uy .Of . .
nanodelivery Targets Mechanism of action Reference
compounds
systems
After 24 h of system
administration, the maximum
. . . concentration of the system was
Chitosan In vivo evaluation .
; - found in the colon, followed by
nanoparticles of the specific . .
. -~ . . the small intestine, and only
Curcumin containing curcumin | delivery system to traces were found in the (131)
coated with the colon by ) A
Eudragit FS 30D scintigraphic scan stomach; showing that the
highest retention time of the
NPs was in the colon for local
effect.
The system showed sustained
A hyaluronic Stability tests in release profiles of curcumin in
acid/zein complex simulated simulated gastric fluid, while
was incorporated gastrointestinal showing rapid release in
Curcumin into alginate/ fluid, in vitro simulated colonic fluid. Oral (132)
chitosan hydrogel | release tests and in administration of the system
microparticles with an in vivo model significantly mitigated colitis
electrospray of DSS-induced symptoms in mice with DSS-
technology. colitis in mice. induced UC by inhibiting the
TLRA4/NF-kB pathway.
Polymeric The intrarectal administration of
nanosystem for the :
X Dextran sulfate the obtained supramolecular
EGCG delivery of small - L
. . . d sodium (DSS)- showed significant decreases of
(epigallocatechin- | interfering RNAs . . (133)
; induced model in TNF-a, prolyl hydroxylase 2
gallate) (SiRNASs) . !
. mice (PDH2), and inflammatory cell
complexed with infiltration in the intestine
EGCG
In vitro: Raw In vitro: Suppression of pro-
264.7 inflammatory markers
EGCG Ovalbumin macrophages and | expressions, such as TNF-a, IL-
(epigallocatechin- | nanoparticles with in vivo: Dextran 6, and IL-12. In vivo: The (134)
gallate) EGCG sulfate sodium treated group showed a smaller

(DSS)-induced
model in mice

mucosal lesion, and almost no
accumulation of inflammatory
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cells, when compared to the
untreated DSS group.
The oral gavage of NPs with
Metallic-based apigenin displayed a better
. Dextran sulfate restoration of the damaged
nanoparticles coated . Lo .
. . S sodium (DSS)- epithelial colon barrier, reduced
Apigenin with hyaluronic acid | . . . (135)
induced model in inflammatory markers, and
(HA) to load . .
apigenin mice enhanced therapeutic effects
Pig against DSS-induced colitis
mice
Polymeric Oral
nanocarrier, formed | bioavailability and This formulation not only
with PLGA, in vitro anti- increased the intestinal crossing
galactosamine, and inflammatory of the loaded drug, but also
Resveratrol . . L ; (136)
tween 80, was also activity were displayed promising anti-
applied to enhance | investigated in rats | inflammatory effects in RAW
the oral delivery of | and LPS-induced 264.7 macrophages.
resveratrol RAW 264.7 cells
Pathological analysis of mouse
intestinal sections showed that
the nanocarrier system able to
Resveratrol-loaded TNBS colonic in f?;?rr]]rlri;?grglgr:mghce
Resveratrol PLGA nanoparticles inflammation - (137)
; . . neutrophil and lymphocyte
targeted with folate induction . .
accumulation. The system with
folate demonstrated the greatest
efficacy in suppressing colon
inflammation.

1.2 METABOLIC SYNDROME

The first definition of metabolic syndrome was proposed by Dr. Gerald Reaven during the
Banting Lecture in 1988. Dr. Reaven, an endocrinologist and researcher proposed the concept
of "Syndrome X," which later came to be known as metabolic syndrome. During his lecture,
Dr. Reaven highlighted the clustering of several metabolic risk factors that often occur together
and increase the risk of cardiovascular disease and type 2 diabetes. These risk factors include
insulin resistance, high blood pressure, high blood sugar levels, abnormal cholesterol levels

(high triglycerides and low HDL cholesterol), and abdominal obesity (138).

However, the first organization to formally suggest diagnostic criteria for metabolic syndrome
was the World Health Organization (WHOQ) in 1998. The WHO defined metabolic syndrome
as a cluster of risk factors for cardiovascular disease and diabetes, including insulin resistance,
impaired glucose tolerance or diabetes, high blood pressure, and obesity (specifically, increased

waist circumference) (139,140).

In 2009, a joint meeting was held between the International Diabetes Federation (IDF) Task

Force on Epidemiology and Prevention, National Heart, Lung, and Blood Institute (NHLBI),
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American Heart Association (AHA), World Heart Federation, International Atherosclerosis
Society, and International Association for the Study of Obesity to standardize the definitions
and diagnostic criteria for metabolic syndrome in adults (Table 3). During this meeting, it was
agreed that the diagnosis of metabolic syndrome would require the presence of at least three
out of five metabolic alterations. It was also noted that waist circumference is a useful measure
for screening, but specific cut-off points should be population-specific, considering factors such
as ethnicity (141).

Table 3. Definitions and diagnostic criteria for metabolic syndrome in adults.

Component criteria Definition

The waist circumference cut-off points may vary
based on population-specific guidelines.

> 150 mg/dL (1.7 mmol/L) or drug treatment for
elevated triglycerides

< 40 mg/dL (1.03 mmol/L) (men) or
High-density lipoprotein (HDL) cholesterol <50 mg/dL (1.29 mmol/L) (women) or drug treatment
for reduced HDL cholesterol

Systolic blood pressure > 130 mmHg or

diastolic blood pressure > 85mmHg

or antihypertensive drug treatment in a patient with a
history of hypertension

> 100 mg/dL (5.6 mmol/L) or drug treatment for
elevated glucose

Waist circumference

Triglycerides

Blood pressure

Fasting glucose
Source: Adapted from Alberti et al. 2009 (141).

Etiopathogenesis

The exact causes of metabolic syndrome are not fully comprehended, but it is believed to result
from a combination of genetic, environmental, and lifestyle factors and their interactions
(142,143). Genetic and epigenetic factors can play a role in the development of metabolic
syndrome, as many susceptible genes and genetic variations can contribute to the phenotypic
variation of this syndrome. However, lifestyle factors such as lack of physical activity, smoking
habits, alcoholism, and unhealthy dietary patterns also play a significant role in developing

metabolic syndrome (144).

Metabolic syndrome is a state of chronic low-grade inflammation arising from a complex
interplay of various genetic and environmental factors. Insulin resistance, visceral adiposity
(accumulation of fat around organs), atherogenic dyslipidemia (abnormal lipid profiles),
hypertension and endothelial dysfunction (impairment of blood vessel lining), genetic
susceptibility, hypercoagulable state (increased blood clotting tendency), and chronic stress are

some of the factors that contribute to the development of metabolic syndrome (143).
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Insulin resistance

Insulin resistance is a crucial feature of metabolic syndrome and is closely associated with its
pathophysiology. Insulin is a hormone produced by the pancreas that helps regulate glucose
metabolism. It promotes glucose uptake from the bloodstream into cells, which can be used for
energy or stored for future use. In insulin resistance, cells in the body become less responsive
to the action of insulin, resulting in decreased glucose uptake by cells. This leads to higher
glucose levels in the bloodstream, known as hyperglycemia. In response to the high blood
glucose levels, the pancreas produces more insulin to try to overcome the resistance, leading to

hyperinsulinemia (high insulin levels in the blood) (142).

In physiological insulin signaling, insulin binds to its receptor, a ligand-activated tyrosine
kinase. This binding leads to the phosphorylation of downstream substrates and activation of
two parallel pathways: the phosphoinositide 3-kinase (P13K)/protein kinase B (AKT) pathway
and the mitogen-activated protein kinase (MAPK) pathway. These pathways are critical in

regulating glucose metabolism, lipid metabolism, and cellular growth.

In insulin resistance, the PI3K-AKT pathway is affected, while the MAPK pathway is not. This
results in an imbalance between these two pathways, leading to various metabolic
abnormalities. The impaired PI3K-AKT pathway reduces endothelial nitric oxide (eNOS)
production, contributing to endothelial dysfunction, a characteristic feature of metabolic
syndrome (145). In addition, insulin resistance also decreases Glucose transporter type 4
(GLUT-4) translocation, which is the process by which insulin promotes glucose uptake into
skeletal muscle and adipose tissue. This further contributes to impaired glucose uptake by
skeletal muscle and fat, leading to hyperglycemia, a hallmark of diabetes mellitus often

associated with metabolic syndrome (146).

On the other hand, the MAPK pathway remains unaffected in insulin resistance, leading to
continued production of endothelin 1, a vasoconstrictor, and expression of vascular cell
adhesion molecules. These changes promote inflammation and a mitogenic stimulus to vascular
smooth muscle cells, which can contribute to the development of atherosclerosis. In summary,
insulin resistance in metabolic syndrome leads to altered signaling pathways, with impaired
PIBK-AKT and unaffected MAPK pathways (147). These changes result in endothelial
dysfunction, reduced glucose uptake, and vascular abnormalities, collectively predisposing to

atherosclerosis and other metabolic abnormalities associated with metabolic syndrome (148).
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Additionally, AMP-activated protein kinase (AMPK) is an essential regulator of cellular energy
homeostasis. It is a crucial enzyme that senses changes in cellular energy levels and responds
by activating metabolic pathways that generate ATP and inhibiting pathways that consume
ATP. AMPK is activated in response to cellular stress, such as energy depletion or oxidative
stress. In insulin-resistant states, AMPK activity is often reduced, leading to dysregulated

glucose and lipid metabolism (149,150).

Visceral adiposity

Visceral adiposity, or the accumulation of fat around the organs in the abdominal cavity, can
lead to the release of various signaling molecules from adipose tissue. One of the main signaling
pathways involved in visceral adiposity is the release of pro-inflammatory cytokines from
adipose tissue. Adipocytes, or fat cells, secrete pro-inflammatory cytokines such as TNF-a, IL-
6, and IL-1P, among others. These cytokines can activate signaling pathways that promote

inflammation and impair insulin signaling (151,152).

In addition to cytokines, fatty tissue releases other signaling molecules known as adipokines,
such as adiponectin and leptin. Adipokines are bioactive molecules secreted by adipocytes that
can have pro-inflammatory and anti-inflammatory effects. For example, adiponectin is an anti-
inflammatory adipokine that benefits insulin sensitivity (152). On the other hand, leptin is a
hormone that regulates energy balance and appetite by acting as a signaling molecule to the
brain. It helps control food intake and energy expenditure, allowing the body to balance the
amount of energy consumed and the amount of energy expended (153). When adipose tissue
increases in size, leptin levels increase and send a signal to the hypothalamus to reduce food
intake and improve energy expenditure. Conversely, when fatty tissue decreases in size, leptin
levels fall and send a signal to the hypothalamus to increase food intake and decrease energy
expenditure (154). In obesity, the gene expression of the leptin receptor (Leptin-R) can be

altered, leading to reduced tissue sensitivity to leptin (155).
Atherogenic dyslipidemia

Atherogenic dyslipidemia, characterized by elevated triglycerides and decreased high-density
lipoprotein (HDL) cholesterol, is a common feature of metabolic syndrome and can contribute
to forming plaques in arteries, leading to atherosclerosis. Several signaling pathways are

involved in developing atherogenic dyslipidemia and its consequences on arterial health (156).

One of the critical signaling pathways involved in atherogenic dyslipidemia is the peroxisome

proliferator-activated receptors (PPARS) pathway. PPARSs are a group of nuclear receptors that
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play a role in regulating lipid metabolism (157). Activation of PPARs can modulate the
expression of genes implicated in lipid metabolism, including those that hold triglyceride
synthesis, storage, and clearance. Dysregulation of PPAR signaling can result in increased
triglyceride synthesis and impaired triglyceride clearance, leading to elevated triglyceride levels

in circulation, a hallmark of atherogenic dyslipidemia (158).

Another important signaling pathway involved in atherogenic dyslipidemia is the lipoprotein
lipase (LPL) pathway. LPL is an enzyme that plays a crucial role in the hydrolysis of
triglycerides in circulating lipoproteins, such as very low-density lipoprotein (LDL) and
chylomicrons. Therefore, impaired LPL activity or expression can result in decreased clearance
of triglyceride-rich lipoproteins from circulation, leading to elevated triglyceride levels.
Additionally, decreased hepatic lipase expression, another enzyme involved in lipoprotein

metabolism, can contribute to atherogenic dyslipidemia (159).

The insulin signaling pathway also plays a role in atherogenic dyslipidemia. Insulin resistance,
commonly associated with metabolic syndrome, can impair insulin signaling in adipose tissue
and the liver, leading to increased hepatic production of LDL and decreased clearance of
triglyceride-rich lipoproteins from circulation. This can result in elevated triglycerides and
decreased HDL cholesterol levels (160).

Inflammation and oxidative stress, often present in metabolic syndrome, can also contribute to
the development of atherogenic dyslipidemia. Inflammatory signaling pathways, such as NF-
kB and MAPKSs, can modulate the expression of genes involved in lipid metabolism and
contribute to the dysregulation of lipoprotein metabolism. Oxidative stress can also impair lipid

metabolism and contribute to the formation of atherogenic lipoprotein particles (160).

In the context of metabolic syndrome, atherogenic dyslipidemia involves complex interactions
of various signaling pathways, including those related to PPARs, LPL, insulin, inflammation,
and oxidative stress. Targeting these signaling pathways may be a potential therapeutic
approach for managing atherogenic dyslipidemia and reducing the risk of atherosclerosis in

individuals with metabolic syndrome.

Hypertension and endothelial dysfunction

Hypertension, high blood pressure, and endothelial dysfunction are standard metabolic
syndrome components. Endothelial dysfunction refers to impaired function of the endothelium,

the inner lining of blood vessels. Several signaling pathways are implicated in the relationship
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between hypertension, endothelial dysfunction, and metabolic syndrome. These pathways
include the nitric oxide pathway, reactive oxygen species pathway, inflammatory pathways,
renin-angiotensin-aldosterone system pathway, insulin signaling pathway, and adipokine

signaling pathway (161).

Genetic susceptibility

Based on the results of genome-wide studies and genetic association studies with metabolic
syndrome, it is highly recommended to investigate further the genes that have shown significant
associations with the disease, which are Low-Density Lipoprotein Receptor (LDLR); Glycogen
Branching Enzyme 1 (GBEL); Interleukin 1 Receptor Type 1 (IL1R1); Transforming Growth
Factor Beta 1 (TGFB); IL6; Collagen Type V Alpha 2 (COL5A2); Selectin E (SELE); Hepatic
Lipoprotein Lipase (LIPC) (162,163). These genes are involved in several biological processes,
such as cholesterol homeostasis, glycogen synthesis, inflammation, and plasma lipid regulation.
In addition, dysregulation or mutations in these genes have been associated with familial
hypercholesterolemia, apoptosis, neoplastic cell growth, osteopenia and osteoporosis, and

accumulation of blood leukocytes at sites of inflammation (164).

It is important to note that all these factors are interconnected and can exacerbate each other,
leading to a complex and multifactorial pathophysiology of metabolic syndrome. Therefore,
understanding these underlying mechanisms can help develop effective treatment and

management strategies for metabolic syndrome.
Treatment of Metabolic Syndrome

The treatment of metabolic syndrome typically involves a combination of lifestyle changes and
medical interventions to address the underlying risk factors associated with the condition. The
specific treatment plan may vary depending on the severity of the metabolic syndrome,
individual health factors, and other medical conditions (165). Some common approaches to

treating metabolic syndrome are:

1) Lifestyle changes: Lifestyle modifications are often the first line of treatment for metabolic

syndrome. These may include a healthy diet, regular physical activity, and weight management.

2) Medications: Depending on the individual's health status and risk factors, medications may
be prescribed to manage the underlying risk factors associated with metabolic syndrome. These
may include statins, antihypertensive and antidiabetic drugs. Statin medications are commonly

prescribed to lower low-density lipoprotein (LDL) cholesterol levels and reduce the risk of
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cardiovascular disease in individuals with metabolic syndrome who have elevated cholesterol
levels. Antihypertensive drugs, medications to lower blood pressure, such as angiotensin-
converting enzyme (ACE) inhibitors, angiotensin Il receptor blockers (ARBS), diuretics, or
beta-blockers, may be prescribed to manage hypertension, which is often associated with
metabolic syndrome. Antidiabetic medications, if an individual with metabolic syndrome has
diabetes or prediabetes, medications such as metformin or other antidiabetic drugs may be

prescribed to help manage blood sugar levels.

3) Management of other health conditions: Managing other medical conditions commonly
associated with metabolic syndrome, such as sleep apnea, polycystic ovary syndrome (PCQOS),

and fatty liver disease, may also be a part of the treatment plan.

4) Regular monitoring: Regular monitoring of blood pressure, blood sugar levels, cholesterol
levels, and other relevant health markers may be recommended to track progress and adjust the

treatment plan as needed.

In summary, global weight control strategies include diet and lifestyle modifications to reduce
calorie intake and increase physical activity. If these strategies are ineffective, the WHO
recommends pharmacotherapy to block nutrient absorption, modulate fat metabolism, regulate
adipose signals, and modulate satiety (3). Many drugs have been used to manage obesity, but
most have been withdrawn due to their severe adverse effects and subsequent low therapeutic
adherence (166).

Based on this issue, the search for alternative or complementary treatments to prevent obesity
has led the general population and the scientific community to have a great interest in some
medicinal plants (167). Generally, these plants have bioactive compounds such as phenolic
compounds, flavonoids, alkaloids, and fatty acids, which can contribute to satiety, increased
metabolism, and weight loss. Furthermore, it is believed that such plants' consumption can
improve the human body's inflammatory, glycemic, and oxidative health and regulate insulin
sensitivity, glucose homeostasis, and lipid metabolism (168). Therefore, it is necessary to study
new sources of active compounds that can modulate molecular pathways and gene/protein
expressions beneficially. These studies can lead to new compounds with anti-obesity, anti-
diabetic, and anti-inflammatory properties that could be used as adjuvants in treating metabolic

syndrome and its associated disorders.
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Alternative and complementary therapies: Polyphenolics and Metabolic Syndrome

Plant extracts are rich in bioactive compounds, in which polyphenols stand out when it comes
to their potential effects on symptoms of metabolic syndrome. This effect occur due to their
antioxidant activity, ability to improve insulin resistance and modulation of the inflammatory
response associated with obesity (169). Additionally, they have been found to preserve the

altered function of the intestinal barrier and restore intestinal dysbiosis (170).

Polyphenols on Insulin Resistance

Polyphenols can restore insulin sensitivity and glucose uptake in skeletal muscle and adipocytes
by activating AMPK and PI3K/AKT pathways. Burgess and colleagues found, through an
experimental model of metabolic syndrome in pigs, that resveratrol decreased glucose levels 30
minutes after its administration. In addition, it increased the expression of insulin receptor
substrate 1 (IRS-1) and AKT in liver tissue analyses. The analyses in skeletal muscle tissue also
showed an increase in GLUT-4, PPAR-a, and PPAR-y (171). Another study also found that
polyphenols such as epigallocatechin-3-gallate (EGCG), present in green tea, activate the AKT

pathway and improve insulin sensitivity in skeletal muscle and adipocytes (172).

Polyphenols on adipose tissue

Once adipose tissue has been expanded by hyperplasia, it becomes difficult for an obese
individual to lose weight because adipocytes are highly resistant to apoptosis. Furthermore, as
weight loss reduces adipocyte volume but not necessarily adipocyte number, it highlights the

importance of preventing hyperplasia in the first place (173).

Polyphenols can act on adipose tissue by activating specific signaling pathways and enzymes
that promote lipid oxidation, glucose uptake, and adipogenesis inhibition (172,174-176). For
instance, green tea polyphenols, such as epigallocatechin gallate (EGCG), can activate the
AMPK pathway and increase adipocyte fatty acid oxidation. This leads to decreased adipose
tissue mass and improved insulin sensitivity (172). In addition, resveratrol has been shown to
activate sirtuin 1 (SIRT1), a protein that regulates energy metabolism and promotes adipocyte
differentiation (174). This effect may help to reduce adipose tissue inflammation and improve
glucose metabolism. Furthermore, the flavonoid quercetin can inhibit adipocyte differentiation
by downregulating several adipogenic genes, including PPAR-y, C/EBPa, and SREBP-1c
(175). Quercetin also exerts anti-inflammatory effects in adipose tissue by decreasing the

production of pro-inflammatory cytokines such as TNF-a and IL-6 (176).
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Polyphenols on dyslipidemia

Numerous studies have shown that polyphenols can reduce dyslipidemia by several
mechanisms, such as inhibiting cholesterol absorption, modulating lipoprotein metabolism,
decreasing inflammation and increasing antioxidant activity. Polyphenols such as EGCG,
luteolin and quercetin can inhibit the absorption of cholesterol in the small intestine by reducing
the activity of cholesterol transporters (177,178). Polyphenols can also modulate the
metabolism of lipoproteins, which transport lipids in the blood. It has been studied that
resveratrol can increase the activity of lipoprotein lipase (LPL), an enzyme that breaks down
triglycerides in the blood, leading to decreased levels of triglycerides and LDL cholesterol
(179,180).

The inflammation and oxidative stress also play a key role in the development of dyslipidemia
and cardiovascular diseases. Polyphenols-rich extract can decrease inflammation by reducing
the production of pro-inflammatory cytokines such as TNF-a and IL-6, and by increasing the
production of anti-inflammatory cytokines (181,182). Polyphenols can act as antioxidants,
scavenging free radicals and reducing oxidative stress in the body. Several clinical studies have
investigated the effects of polyphenols on dyslipidemia, and the results have been promising
(183). For example, a study in overweight and obese women found that daily consumption of a
green tea extract containing EGCG for 6 weeks led to significant reductions in LDL cholesterol

and triglyceride levels (184).
Polyphenols on gut microbiota and barrier function

Studies have provided evidence that polyphenols can protect against obesity by modulating gut
microbiota composition and functionality while benefiting intestinal inflammation and barrier
integrity. Polyphenols are proposed to help the microbiota by selectively targeting potentially
harmful bacteria (185). A systematic review, which included a meta-analysis, showed that
supplementation with polyphenols led to a significant increase in the abundance
of Lactobacillus and Bifidobacterium by 220% and 56%, respectively. These two types of
bacteria are considered beneficial for gut health. In addition to promoting the growth of
beneficial bacteria, polyphenols were also found to inhibit the growth of harmful microbiota,
such as Clostridium histolyticum and Clostridium perfringens. These two bacteria are common

pathogenic microorganisms associated with various health problems (186).

An in vivo study investigating the effects of cactus extract from Opuntia ficus-indica, a

vegetable traditionally consumed in Mexico and Southern United States, concluded that
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Opuntia increased the abundance of Bacteroidetes and decreased that of Firmicutes. In addition,
it was suggested that consumption of Opuntia extract promotes and maintains intestinal barrier

function by increasing the mucosal layer and through increased occludin gene expression (187).
1.3 NOPAL CACTUS - Nopalea cochenillifera

Nopalea cochenillifera Salm-Dyck (NC) (Figure 5), commonly known as the cochineal cactus,
nopal cactus, “Palma forrageira” or “Palma doce ou miGida” in Portuguese, is a native cactus
species from Mexico but is now widely distributed in Northeastern Brazil as well as in different
parts of the world (16). NC is a small cactus with a very branched stem. Its cladode weighs
about 350 g, is almost 25 cm long, obovate, and bright green. The flowers of NC are found in
the red, pink, orange, or yellow colors, and their corollas may remain half-closed during the
cycle. The fruit is a purple-colored berry that is edible and commonly used in Mexican cuisine.
When compared to other cactus species, the NC is considered more palatable and more

manageable because it does not contain thorns in its structure (16).

Figure 4. Pictures of Nopalea cochenillifera (L) Salm Dyck. A — cladode; B — fruit.
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N. cochenillifera uses the photosynthetic pathway Crassulacean Acid Metabolism (CAM), a
specialized adaptation that allows it to survive in water-limited environments. CAM plants open
their stomata at night to take in CO and fix it into an organic acid, which is stored in the
vacuoles of the cells. Then, during the day, the stomata close to prevent water loss, and the
organic acid is broken down to release the CO: for use in photosynthesis. This allows the plant
to conserve water by avoiding excessive transpiration during the day when temperatures are
high, and humidity is low (188,189). In summary, the CAM photosynthetic pathway in the NC
IS an adaptation that enables the plant to survive in arid environments by reducing water loss
through transpiration while still fixing carbon for photosynthesis.

NC has been traditionally used as a food source for both animals and humans in Brazil and
many other countries worldwide. The fruits and cladodes of NC are often rich in nutrients, such
as vitamins, minerals, and fibers. They can be eaten fresh or processed into various products,
such as juice, jellies, gels, liquid sweeteners, pickles, jams, sauces, etc. In addition, the young
cladodes can be consumed boiled, grilled, or pickled and used in various dishes, such as salads,

soups, and stews (16).

NC has become a good food source for humans and animals in regions with severe climatic
conditions, such as drought-prone areas, where other species may have difficulty growing. NC
is well adapted to these conditions and can provide a reliable food source for humans and
animals (190). Thus, investigations on cactus chemical components and nutritional values have

become the research subject in diverse scientific fields.

It is worth mentioning that NC represents a good plant choice for cultivation in the Northeast
region of Brazil due to its resistance in drought season, its management being accessible, and
because it can assist in the sustainable development of the region through the establishment of
the entire productive chain to obtain raw material to be applied as active ingredient in

pharmaceuticals or foods.
Chemical composition of Nopalea cochenillifera

The chemical composition of NC can vary depending on factors such as the cultivation area,
age of the cladode, and growing conditions. However, in general, NC is known for having high
water content and minerals such as calcium, magnesium, potassium, and iron, which can be
important for human and animal nutrition. Soluble carbohydrates, such as glucose and fructose,

are also present in NC, which can provide a source of energy. NC is also a good source of
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vitamin C and vitamin A, which have antioxidant properties and have important functions
(16,189-191).

There is scarce information on the physical-chemical and nutritional characterization of NC, as
well as its bioactive compounds. Regarding secondary metabolites, the varieties grown in
Northeast Brazil of Nopalea genus are sources of compounds such as steroids and phenolic
compounds (15,19,20,189).

Using histochemical reactions, the presence of flavonoids were detected in ethanolic extract
of NC (23), and in another study in the ethanolic extract obtained from the fresh cladodes of
NC also was quantitatively determined the presence of phenols and flavonoids expressed in
gallic acid and rutin equivalents/g extract, respectively (192). Studies have reported a presence
of flavonoids in the rainy seasons, detected by Shinoda's reactions (193,194). Matos et al. and
Fabela-1llescas et al. (15,195), also identified some phenolic compounds through liquid
chromatography. Table 4 summarizes the phytochemical studies performed on parts of the

species N. cochenillifera.

Table 4. Summary of phytochemical and chemical screenings already reported for the species N. cochenillifera
(NC).

F;)I:ptt Extfgtl:\':ieonnt ;r;ctiho d Analysis Results References
Flavonoids were
detected, through the
potassium hydroxide and
Cladodes - Histochemical tests hydrochloric acid (23)
reagents, by the
development of yellow
color in histological
sections of the plant.
. . 29.62% =+ 1,356 of total
Dosage of flavonoids using olvohenol allic acid
Fresh Ethanol extract rutin as a standard solution POTyp | /g 63% + 92
cladodes (Maceration) of aluminum chloride in g%ulva ents/g. 7'. % - (192)
methanol. 075 of flavonoid rutin
equivalents/g extract.
Chemical prospection:
Steroids were detected by
the Liebermann-Burchard
reaction; flavonoids detected
by of Shinoda reaction e NC contain flavonoids
Ethanol (95%) extract | Taubouk. Determining total | and steroids independent (193,194,19
Cladodes (Maceration by 8 phenolics content and total | of the cultivars analyzed ,6) '
days) flavonoid content by or the period (dry and
spectrophotometric method rainy).
using the Folin-Ciocateau
reagent and aluminum
chloride methanolic
solution, respectively.
Fresh cladodes £ Tryptophan;
Cladodes subjected to UPLC-QTOF-MS quercetin-3-0-2"",6’- (195)
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a bath with liquid N2,
lyophilized, ground
and submitted to the

accelerated
solvent extraction
(ASE) system with
70:30 ethanol/
water (v/v) at the
temperature of 80 °C.

dirhamnosillglucosideo;
isorhamnetin-glucosyl-
dirhamnoside;
isorhamnetin-3-O-
rhamnosyl hexoside;
isorhamnetin-3-O-
triglucoside.

Cladodes

Dry cladodes and
ground in a mill
(flour)

Quantification of phenolic

acids by HPLC

Determined the content
of soluble and
hydrolysable
polyphenols, 207.92 and
647.99 mg, respectively.
Identified of the presence
of six phenolic acids
(gallic, ferulic,
chlorogenic, p-coumaric,
syringic, and
neochlorogenic were
identified)

(15)

Ethnobotany and pharmacological activity

In traditional medicine, this species is used to treat urinary problems, "cooling™, high cholesterol

levels, hypertension, kidney problems, urinary problems, and diabetes (18). Although an

ethnobotanical study also points to N. cochenillifera as one of the main plants reported in

Mexico as hypoglycemic, the traditional preparation form cited uses the plant as Steam raw

7).

Previous preclinical studies have reported scientific evidence that this plant showed potential

antibiotic and antifungal activities in vitro assays (20,192,197) and decreased the blood glucose

level in an in vivo study (21). Furthermore, regarding the anti-inflammatory effect, the oral

administration of the hydroethanolic extract of N. cochenillifera cladodes showed significant

anti-inflammatory activity in the rat granuloma induction method (23). Table 5 summarizes the

pre-clinical pharmacological studies conducted with the species N. cochenillifera.

Table 5. Summary of pre-clinical pharmacological studies already reported for the species N. cochenillifera (NC).

Plant part Extract/ Fraction/ | Test/ Phar!‘ngcologlcal Results References
compound activity
Hexanic fraction; Activity antimicrobial activity
Fresh and : . . . . o .
chloroformic In vitro - antibacterial against Escherichia coli,
dry . . . - . (20)
fraction; ethanolic | and antifungal activity Salmonella enterica and
cladodes : . .
fraction Candida albicans.
NC showed good antibacterial
activity and showed an
Fresh Ethanol extract In vitro - Antibacterial inhibitory activity against
) s . . (192)
cladodes (Maceration) activity microorganisms tested
(Escherichia coli, Salmonella
typhi, Micrococcus, Klebsiella
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pneumoniae, Staphylococcus
aureus, Candida albicans,
Candida glabrata, Prototheca
zopffi, Cryptococcus neormans,
Saccharomyces cervisiae e
Malassezia furfur).

Methanolic extract was found to
be an effective against the
microbes: E. coli, Bacillus

subtilis, Staphylococcus aureus,

Cladodes Extract In vitro - Antimicrobial Pseudomonas aeruginosa
and fruits methanolic and activity Candida albican C.glabrata (197)
fresh chloroform C.haemulonii C.Tropicalis.
Maximum activity was observed
against E. coli, B. Subtilis and,
C.albican and C.glabrata at
40mg/ml.
Inhibitory effect on the growth
Ethanol (95%) of cancer cells (HCT116 cells
extract In vitro - Cytotoxic (human rectal colon rectal), SF-
Cladodes (Maceration by 8 activity 295 (human (193)
days) glioblastoma) and OVCAR-8
(human ovarian cancer)
The animals treated with the
. . extract showed 53.5 %
In vivo - Anti- S -
hydroethanolic inflammatory activity inhibition fo_rmatlon .Of
Cladodes : . granulomatous tissue while the (23)
extract (granuloma induction .
in rats) positive cor)tro! group sh_oyved
58.5%, confirming a significant
anti-inflammatory activity.
NC showed a significantly
1N Vivo - reduced postprandial glycaemia
Fresh Methanolic extract Antihyperglycaemic in rats but did not markedly 1)
cladodes offect inhibit a-glucosidase and had a

low antioxidant effect in the
ABTS test.

Clinical studies on using N. cochenillifera must be more extensive and limited. There is, in fact,

only one study on the effects of NC on humans. Fabela-lllescas et al. (22) conducted a clinical

trial with 20 patients, out of which ten were diabetic, and the remaining had hypertension

overweight, and obesity. The treatment administered to all patients was a fresh N.

cochenillifera beverage, which consisted of a mixture of 50 g of NC cladode with 250 mL of

water, was taken daily for 30 days. The results of the study showed significant improvements

in several parameters. There was a significant decrease in waist circumference, weight, and

systolic and diastolic blood pressure in patients who received the N. cochenillifera preparation.

However, there were no statistically significant changes in glucose levels. On the other hand,

significant values were found for glycated hemoglobin, an indicator of long-term blood sugar

control in people with diabetes. It's important to note that this study had a small sample size of

only 20 patients and was conducted over a relatively short duration of 30 days.
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In view of this, the aim this study was evaluated the anti-inflammatory effect of free extract and
nanosystem containing the NCE in vivo models of intestinal inflammation and metabolic
syndrome. In addition, another aim of the study was characterized the chromatographic profile

and the total phenolic and flavonoid compounds
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Inflammatory bowel diseases (IBD) and metabolic syndrome (MS) are two increasingly
common health conditions worldwide, particularly in developed countries (1-3). IBD,
including Crohn's disease and ulcerative colitis, are chronic diseases that affect the
gastrointestinal tract and can cause symptoms such as rectal bleeding, mucous or bloody
diarrhea, abdominal pain, fatigue, and weight loss (4). Metabolic syndrome, conversely, is a set
of medical conditions, including abdominal obesity, high blood pressure, elevated blood sugar

levels, and dyslipidemia (5).

Both are multifactorial and complex diseases whose etiopathology involves genetic,
environmental, and behavioral factors. In the case of IBD, it is believed that the interaction
between intestinal microbiota, the immune system, and environmental factors may play an
important role in their development. Additionally, factors such as smoking, stress, and
prolonged use of nonsteroidal anti-inflammatory drugs (NSAIDs) may also contribute to the
development of IBD (6,7).

Just like IBD, metabolic syndrome is also associated with chronic inflammation implicated in
its pathogenesis. The set of risk factors, such as abdominal obesity, insulin resistance, high
blood pressure, and dyslipidemia, increases the risk of developing cardiovascular diseases, such
as heart attack and stroke (8). Chronic inflammation occurs when the body's immune system is
persistently activated, leading to the continuous production of pro-inflammatory cytokines and
chronic inflammation. Treatment of metabolic syndrome often involves reducing chronic
inflammation through lifestyle changes, such as a healthy diet, regular physical exercise, stress
management, and medications to control blood pressure, reduce blood sugar levels, and lower
cholesterol and triglyceride levels. Although IBD and metabolic syndrome are different
conditions, they may be related to specific individuals, and a better understanding of chronic

inflammation may help develop more effective treatments for both diseases (9).

Clinical evidence has shown that using isolated phenolics or phenolic-rich extracts in
combination with medications already used for treating IBD and in cases of metabolic
syndrome, they have improved patient quality of life (10,11). Polyphenols are secondary
metabolites produced by plants that possess antioxidant and anti-inflammatory properties,
making them effective in preventing and treating these diseases. Their remarkable anti-
inflammatory and antioxidant capacity is due to multiple action targets, such as inhibition of
production or action of pro-inflammatory mediators, or even the strong influence they can exert

on the intestinal microbiota (12-14).
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In this scenario, the cactus Nopalea cochenillifera, popularly known as prickly pear or sweet
cactus, is a good source of anti-inflammatory bioactive compounds. Its cladodes are rich in
polysaccharides and polyphenols (15) and have been widely used for agricultural, food, and
medicinal purposes (16). It is traditionally used as an anti-inflammatory and curative in treating
diseases such as high cholesterol, high blood pressure, kidney and urinary problems, and in
treating diabetes (17,18). Previous studies have reported the potential antibiotic and antifungal
activity of Nopalea invitro assays (19,20). In addition, glucose levels were reduced
in vivo studies (21) and in a pilot clinical trial (22). Regarding the anti-inflammatory effect, oral
administration of the hydroethanolic extract of N. cochenillifera cladodes demonstrated
significant anti-inflammatory activity in granuloma models and gastric ulcer induction in
rodents (23,24).

The polyphenols present in N. cochenillifera extract are already considered a promising source
of bioactive agents. However, when it comes to inflammatory bowel diseases, targeting these
active ingredients in the colon region and reducing the concentrations of plant extracts required
to achieve pharmacological activity are still challenges to be overcome. Developing drug
delivery systems capable of transporting active substances from the extract to the colon tissue
is a promising alternative to improve oral bioavailability and prolong retention in the colon.
Nanotechnology systems have shown interesting and promising properties in this regard, such
as improving stability, solubility, and bioavailability of natural compounds, enabling control of
the release of bioactive compounds, and reducing the doses and frequencies of
administration (25-27). Strategies involving the encapsulation of N. cochenillifera extract and
directing its release to the colon region can enhance its effectiveness and reduce the therapeutic

dose required.

Considering the bioactive potential of N. cochenillifera, it is relevant to highlight that this
species is an excellent choice for developing inputs due to its adaptation to the northeastern
region of Brazil and the presence of established crops in the area. This enables the creation of
a complete productive chain in the country, from cultivation to the final production, which can
positively impact the local economy, such as job creation and promoting sustainable
development in the region. In this context, this proposal seeks to support the development of

new active ingredient to pharmaceutical or food products.
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This work aimed to conduct a phytochemical study of Nopalea cochenillifera hydroethanolic

extract and evaluate its toxicity and efficacy in vivo models of intestinal inflammation and

metabolic syndrome. In addition, this work aimed to develop and characterize a nanoparticulate

system loaded with the extract of N. cochenillifera and to evaluate the pharmacological effect

of the extract free (NCE) and associated with nanoparticles (NPE)

The specific objectives are:

1.

Physicochemical characterize the N. cochenillifera extract, determine the content of
total phenolic and flavonoid compounds, and the chromatographic profile by high-
performance liquid chromatography-mass spectrometry (HPLC-MS).

Evaluate the acute oral toxicity of NCE in rats.

Evaluate the intestinal anti-inflammatory effect of different doses of NCE in an
experimental intestinal inflammation model induced by 2,4-dinitro-benzene sulfonic
acid (DNBS) in rats.

Develop, characterize, and evaluate the effects of a nanoparticulate system loaded with
NCE in an experimental intestinal inflammation model induced by sodium dextran
sulfate in mice.

Evaluate the effect of NCE in an experimental model of metabolic syndrome induced

by a high-fat diet in mice.
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3.1 Reagents

Unless otherwise stated, most of the chemicals used were purchased from Sigma-Aldrich

Chemical (S&o Paulo, Brazil; Madrid, Spain).

The following reagents were used to obtain the nanoparticles: The methyl methacrylate
copolymer Eudragit® S100 (EUD S100) was purchased from (Evonik, Darmstadt, Germany).
Poloxamer 407 (POL 407, Kolliphor® 407, Mw = 12,600 Da) and Rhodamine B were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ethanol (EtOH) was purchased from Labsynth (Sao
Paulo, Brazil). Finally, purified water (1.3 pS.cm™) was obtained using reverse osmosis

equipment OS50 LX (Gehaka, SP, Brazil). All reagents were of analytical grade.
3.2 Plant Material

The cladodes of N. cochenillifera were harvested in May 2019 at the experimental station
“Rommel Mesquita de Farias, belonging to the Empresa de Pesquisa Agropecuaria do Rio
Grande do Norte S/A” (EMPARN) in the Parnamirim city, Rio Grande do Norte state, Brazil
(geographical coordinates: 05°55'30” S —35°1120" W) (Figure 6). The cladodes collected were
young, with a dark green color and direct exposure to sunlight, and without flowers or fruits.

Harvest was in the rainy season.
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Figure 6. Location of the Parnamirim city in the Rio Grande do Norte state, Brazil. Coordinate System Geocentric
Reference System for the Americas: SIRGAS, 2000. Cartographic bases: Brazilian Institute of Geography and
Statistics (IBGE).
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The identification of the plant was made by a biologist MSc. Alan de Araljo Roque, a voucher
specimen (No. 3702), was deposited at the herbarium of the Bioscience Center of the Federal
University of Rio Grande do Norte. The research was authorized by the National System for
the Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN) process
No. A5DB251. The accepted name plant was published on the Internet;
http://www.worldfloraonline.org/taxon/wfo-0000378923. Accessed on: 25 Mar 2023,

possessing as a synonym Opuntia cochenillifera (L.) Mill. (WFO, 2023) (198).
3.3 Preparation of Nopalea cochenillifera Extract (NCE)

Immediately after harvesting, the fresh cladodes were processed. They were dried at 50 °C in a
circulating air oven for eight days and then ground in a knife mill. The raw material was
extracted, by the maceration method (48 h), using as a solvent ethanol: water (70:30, v/v) in a
proportion of 1:10 solvent (g/mL). The extract was filtered, and the remaining raw material was
extracted again for 24 h. This process was repeated two times to obtain a satisfactory extraction
yield. At the end of the process, the three extractions were pooled, resulting in the N.
cochenillifera hydroethanolic extract (NCE). The organic phase was evaporated under reduced
pressure using a rotavapor (Biichi®) with a temperature below 40 °C and finally lyophilized and
stored at 4 °C (Figure 7).

falitn _
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N Cladodes
Freeze-dry Drying \
——
3 " By
‘_ N. cochenillifera extract F—
e £‘
Organic phase G
was evaporated Y Grinding
/ E
Filtration Maceration

Figure 7. Preparation of Nopalea cochenillifera extract.
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3.4 Physicochemical Analysis of Nopalea cochenillifera Extract

The physical-chemical analysis of the NCE was performed in the Nutrition Laboratory of the
Escola Agricola de Jundiai (EAJ) — Universidade Federal do Rio Grande do Norte (UFRN),
Brazil. The NCE was evaluated for moisture content (%), ash (%), ether extract (%), crude fiber
(%), protein (%), pH, and titratable acidity were determined as recommended by AOAC (2020)
(199). The analyses were performed in triplicate in three independent experiments (three

replicates and each one was analyzed in triplicate).

The pH analysis was determined using 5 g of NCE diluted in 50 mL of distilled water with a
portable electronic pH meter (KASVI®). Titratable acidity was determined by the
potentiometric method in a solution prepared with 1 g of the NCE in 50 mL of distilled water
and then titrated with 0.1 M sodium hydroxide solution until the pH became basic. To determine
the moisture (AOAC method 925.10), weighed 1.0 g of NCE and taken to an oven with air
circulation and renewal at 105 °C for 16 h (TECNAL® TE-394/2-MP).

Regarding the percentage of ashes, we weighed 1.0 g of NCE in the crucible. Then, to determine
the ashes percentage took crucible taken to the muffle furnace (Quimis Q-318M24) until
reaching a temperature of 600 °C for 4 h (AOAC method 942.05). To determine the ether
extract, extraction was performed in a Soxhlet-type apparatus. Next, the crude fiber content of
the extract was determined by the method of digesting the material in 0.255N H2SO4 solution
for 40 min, followed by 0.313N NaOH for another 40 min (AOAC method 973.18). Finally,
the Kjeldahl method (AOAC method 950.36) was employed for protein analysis, involving
three main steps: digestion of the extract in sulfuric acid with a catalyst, distillation of the
resulting ammonia into a receiver solution, and quantification of the released ammonia through

titration with a standard solution.

The content of total carbohydrates was calculated by compositional difference according to the

following equation (200):

Total carbohydrates (g/100 g) = 100 — (moisture + proteins + ether extract + ash)
3.5 Determination of Total Phenolic and Flavonoid Content

The total phenolic content (TPC) of NCE was determined based on the Folin—Ciocalteu reagent
method (28). Initially, a curve of the gallic acid standard in dimethyl sulfoxide (DMSQO) was
constituted at different concentrations (1.25, 2.5, 5, 10, 20, 40, 60 and 80 pg/mL). The blank
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contained 25 pL of H20O and the Folin-Ciocalteu reagent (125 pL) without NCE. Briefly, in a
96-well plate, 25 uL of sample solution was added at 2 mg/mL with 125 pL of Folin—Ciocalteu
reagent freshly diluted to 1:10 (v/v) with distilled H>O. After, an amount of 100 uL of the
solution was mixed with 100 uL of a 7.5% Na.COz solution; the mixture was then left for 30
min in the dark, and the absorbance was measured in a microplate reader (Epoch-Biotek®,
Winooski, Vermont, United States of America) at 765 nm. After that, the TPC was calculated
as mg of gallic acid equivalent (GAE) per g of the sample (mg of GAE/g). The analyses were
performed in triplicate in three independent experiments (analyzed three replicates, and each

one was in triplicate).

The aluminum chloride colorimetric method determined total flavonoid content (TFC) (29).
First, a standard curve of quercetin in DMSO was constructed at different concentrations (2.5,
5, 10, 20, 40, 60, and 80 pug/mL). The blank was constituted of 50 uL of H>O and AICls in the
absence of NCE. Then, a 50 uL sample of each extract (2 mg/mL) was mixed with 160 pL of
ethanol (P.A.), 20 uL of aluminum chloride solution (1.8% w/v), and 20 uL of sodium acetate
(8.2% wiv). The mixture was left at room temperature in the dark for 40 min. The absorbance
was measured at 415 nm using an ELISA microplate reader after subtracting the blank reading
value and compared with a calibration curve. The TFC was calculated as mean £ SD and
expressed as mg quercetin equivalent per g sample (mg QE/g sample). Analyses were
performed in triplicate in three independent experiments (analyzed three replicates, each in

triplicate).
3.6 Phytochemical Analysis by HPLC-ESI-MS" of Nopalea cochenillifera Extract

The sample was prepared from 1.0 mg of the NCE in 1.0 mL of MeOH: H20 (50:50, v/v) and
filtered using a 0.45 um PVDF filter. HPLC-ESI-MS" analysis was performed using high-
performance liquid chromatography equipment (Shimadzu®, Kyoto, Japan) consisting of an
automatic injector (Accela AS), two pumps (LC-20AD), an autosampler (SIL-20AHT) and a
system controller (CBM-20A) and an lon Trap mass spectrometer amazon-SL (Bruker
Daltonics®), with the electrospray ionization (ESI) source operated in positive and negative
mode. The chromatographic conditions were performed at room temperature using a Cis
reversed-phase column (Kromasil®, 150 mm x 4.6 mm d.i., 5 um). The elution method adopted
for NCE was a linear gradient with a mobile phase composed of water acidified with 0.1%
formic acid (eluent A) and methanol (eluent B) from 5 to 100% (B) in 60 min. The injection

volume for the analysis was 20 pL, and the flow rate was 600 pL/min. The MS parameters were
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optimized for the performance of the analysis as follows: HV End plate offset of =500 V,
nebulizer of 40 psi, dry gas (N2) with the flow of 8.0 L/min, dry temperature of 300 °C and
capillary voltage of —4500 V. Monitored the acquisition range of the mass analysis
from m/z 150-1200 and recorded every 0.2 s. The fragmentation experiments were performed
by collision-induced dissociation (CID) running in auto MS" (intelligent fragmentation) for
MS? and MS2 acquisition and with a fragmentation amplitude of 1.0 V. For precursors selection
in MS? and MS2 experiments, the most intense ions were isolated above the absolute threshold
of 25,000 and 2500, respectively, and a relative intensity threshold of 5%. The data were
acquired and processed using the Bruker Compass Data Analysis software (Version 4.0,
Billerica, MA, United States).

For metabolite annotation, first convert data HPLC-ESI-MS" to mzML format in MSConvert
software (ProteoWizard). Then MS? spectra were searched against the Library Search
dereplication workflow on the Global Natural Products Social Molecular Networking (GNPS)
platform (201). The matches obtained were manually verified by comparison with other
databases  [Dictionary of Natural Products (DNP, 2013)] and LOTUS
[https://lotus.naturalproducts.net/ (accessed on 16 November 2022)] (202), as well as data
previously reported in the literature. Additionally, a similar procedure was done for those

spectra that did not find a match with the MS data library.
3.7 Preparation and characterization of Nanoparticles

The nanoparticulate system was obtained and characterized in collaboration with Prof. Dr.
Arnobio Antdnio da Silva Junior and PhD student Thayse Silva Medeiros at the Pharmaceutical
Technology (TecBioFar — UFRN).

Preparation of nanoparticles

Blank nanoparticles (NPB) and extract-loaded nanoparticles (NPE) were prepared by the
nanoprecipitation method (34,35). The organic phase (OP) (6 mL) containing 0.75% (w/v) of
polymer (EUD S100) was solubilized in ethanol: water 9:1 (v/v). To NPE, NC-extract ina 1:10
ratio (NC: EUD S100) was solubilized in an organic phase. The organic solution was then
transferred dropwise (at an output flux of 1.0 mL.min?) into 14 mL of aqueous phase (AP)
containing a stabilizer (POL 407) at a concentration of 0.25% (w/v) under constant magnetic
stirring (720 rpm) at 25 °C. The solvent evaporation step was performed at 25 °C, and the

nanoparticles remained stirring overnight to slow the diffusion of organic solvent. After this
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period, the samples were taken to rotary evaporation (model V-700, Buchi®) to altogether

remove any residual organic solvent (Figure 8).

In addition, to obtain the fluorescence-labeled nanoparticles, rhodamine B was added in the
organic phase to get a 1:100 Rhodamine: EUD S100 (w/w) ratio, following the same
experimental protocol. All experimentations were performed in triplicate, and the data are

expressed as mean * standard deviation (SD).

1.The OP was injected 3.Rotary evaporation Nanoparticles

into AP under for complete removal
constant magnetic of any residual TN N
stirring of 720 rpm. organic solvent z@\,rr’d
— . NPB (25
: S 2.The solvent \Q'é-:%/u
oP evaporation step was

performed at 25 °C

NPE

Figure 8. Preparation of nanoparticles. Organic phases (OP); Aqueous phases (AP); Blank nanoparticles without
extract (NPB) and extract-loaded nanoparticles (NPE) and fluorescence-labeled nanoparticles with rhodamine B
(NPE-ROD).

Particle size, Polydispersity Index and Zeta Potential measurements

The determination of the average particle diameter and polydispersity index (Pdl) was
performed by the Dynamic Light Scattering technique (Nano ZS Zetasizer, Malvern
Instruments Corp., Malvern, UK), at a temperature of 25 + 2° C, at 633 nm and detection angle
of 173°. The samples were diluted in purified water at a 1:10 v/v ratio. Determined the zeta
potential of the nanoparticles by analyzing the electrophoretic mobility of the suspended
particles using the same equipment at 25 + 2 °C. The samples were appropriately diluted in
purified water at a 1:10 v/v ratio. Experimental values are given as the mean £ SD for the

experiments carried out in triplicate for each sample.

Entrapment Efficiency (EE)

The entrapment efficiency was determined using an indirect method, where the nanoparticles
containing extract were centrifuged at 16.9 RCF (g) for 60 min at 4 °C using an ultra-centrifugal
filter (Sartorius®, Vivaspin 2, Ultra-15 MWCO 100 kDa). Then, the supernatant was collected

and quantified using a spectrophotometer (Evolution 60S UV-visible, Thermo Fisher Scientific,
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USA) for the content of total phenolic compounds at a wavelength of 765 nm, using the straight-
line equation generated by a previously prepared analytical curve, methodology described in
the topic 3.5.

The analysis was performed in triplicate from three independent experiments, and the
incorporation efficiency of total phenolics in the formulation was calculated according to the

following equation:

Total phenolics—free —Phenolics in supernatant
EE (%) =( 1222 A d )x100

Total phenolics
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)

SEM and AFM imaging were performed to analyze the morphology of the nanoparticles. For
the SEM analyses, a drop of the suspension was spread, fixed on a conductive adhesive surface,
and covered with approximately 20 nm of gold in a BAL-TEC sputter coater (Bal-Tec, Scotia,
USA), model SCD 005. After drying for 24h in the desiccator, image reading was performed
using a FEG-SEM (Zeiss, Auriga®). To observe the shape of the nanoparticles by atomic force
microscopy, the samples were dried under a desiccator for 24 h and then analyzed using an
AFM (SPM-9700, Shimadzu, Tokyo, Japan) at 25° C in a non-contact cantilever, 1 Hz.

Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR)

The interaction between the chemical constituents of the NC-extract and EUD S100
nanoparticles was investigated using an ATR-FTIR spectrophotometer Shimadzu IR Affinity-
1 (Shimadzu, Tokyo, Japan). Before the analysis, the colloidal dispersion of nanoparticles was
submitted to a freeze-dryer process performed using a Christ Alpha 1-2 LD freeze-dryer (Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). The spectra were
obtained at 20 scans with a resolution of 4 cm™ (4000 and 500 cm™) for each component (NC-
extract, EUD S100, and POL 407), as well as the nanoparticles (NPB and NPE).

Physicochemical Stability

The physical stability study was performed for blank nanoparticles (NPB) and extract-loaded
nanoparticles (NPE). The analyses were done during the 30 days by evaluating the mean
diameter, zeta potential, and polydispersity index according to techniques described in the

previous items. The dispersions were hermetically sealed and stored at 5 + 2 °C.
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3.8 In vitro study

Cell internalization performance test of Nanoparticles containing N. cochenillifera extract and
rhodamine (NPE-ROD)

HCT-116 human colon cancer cells were seeded into 8-well culture chambers and glass
microscope slide at a density of 8x10° cells. After cells reached 80% confluence, the treatment
with NPE-ROD was performed at a concentration of 10 pug/mL after dilution in Dulbecco’s
modified eagle medium (DMEM), supplemented with 10% FBS, 1% of penicillin—
streptomycin, 1% of amphotericin-B and 1% of L-glutamine. The control group received only
DMEM. The cells were evaluated at 12 h, 24 h, and 48 h. After incubation, cells were washed
with PBS, fixed with 4% paraformaldehyde for 20 min, and washed again with PBS. Last, the
slides were mounted with a mounting medium containing 4,6-diamidino2-phenylindole (DAPI)
for cell nucleus marking. Images were acquired using a confocal laser scanning microscope
(CLSM) (Leica TCS-SP5 1) in the Centro de Instrumentacion cientifica (CIC) of the University
of Granada.

3.9 In vivo studies

The studies described in items 9.1 and 9.2 were executed at the Bioterium of the Centro de
Biociéncias-UFRN, Brazil. Female Wistar rats (200 £ 20 g, 8 weeks old) were used. Rodents
were acclimated for 7 days before experimentation, housed under standard environment
conditions at 20-25 °C and 12 h dark/light cycle, and had free access to potable water (ad
libitum) and standard food. The experimental protocol of the study was approved by the
Committee for Ethics in Animal Experimentation of the UFRN under protocol n® 176.027/2019
(ANNEX II) following the guidelines of the National Council for the Control of Animal
Experimentation (CONCEA).

The studies described in items 3.9.3 and 3.9.4 were executed at Centro de Instrumentacion
Cientifica (CIC) de la Universidad de Granada (UGR), Spain. This research was submitted and
approved by the Ethics Committee on Animal Experimentation (CEEA) of the University of
Granada (Spain) with protocol No. 28/03/2016/30. The studies followed the "Guide for the Care
and Use of Laboratory Animals" promulgated by the National Institute of Health. All the
animals were housed in Makrolon cages, with food and water ad libitum, under standard
environmental conditions: the temperature at 24 + 1 °C, 12 hours light/dark cycle. Every effort

was made to reduce the number of animals used and to minimize their suffering.
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3.9.1 Acute toxicity

The acute toxicity by the oral route of the NCE was performed following the criteria
recommended by the OECD, 2001 (30). The animals were randomly divided into two groups
(n =6 per group). The control group received distilled water orally, and the NCE group received
a limited dose at 2000 mg/kg of the NCE by oral route.

Behavioral Evaluation (Hippocratic Screening and Open Field Test) and Motor (Rotarod Test)

After administration, the animals of all groups were observed with special attention in the first
minutes (0, 5, 10, 15, 30, 60, 120, and 240) and 24 h after administration. Then, the behavioral
evaluation was followed daily for 14 days. The analysis method applied was the Hippocratic
screening, which considers the excitatory behavioral and inhibitory criteria and general activity
such as defecation, diarrhea, urination, piloerection, and death (203). In addition, body mass

and feed consumption were also evaluated throughout the experiment.

On days 1, 7, and 14 after the administration of the NCE, the animals were submitted to
behavioral testing using the open field apparatus to analyze the exploratory activity of the
animals (maximum time of 5 min for each animal). On the same days (1, 7, and 14), the animals
were placed on the rotating bar of the rotarod apparatus at a constant speed of 10 rpm. After 1
min of training, the time the animal remained on the bar was recorded (maximum time of 3

min) by the method described by Pereira et al. (204) with few adaptations.

Evaluation of Hematological, Biochemical and Anatomopathological Parameters

On the 15th day, the animals were anesthetized with 10% ketamine and 2% xylazine (50 mg/kg;
10 mg/kg, intraperitoneal route), and blood was collected by cardiac puncture to perform
hematological and biochemical tests: glucose, triglycerides, total cholesterol (CHOL), urea,
creatinine (CREA), albumin (ALB), aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), as analytical quality control of the analysis of lipemia and degree of
hemolysis were performed. The biochemical assays were performed using standardized
commercial diagnostic kits from ByoSys® and Kovalent® in a biochemical analyzer. For
hematological analysis: Erythrocytes, hematocrit (HCT), hemoglobin (HGB), mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular

hemoglobin concentration (MCHC), leukocytes and platelets were then determined.
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The organs (liver, kidney, and spleen) were collected, and their absolute weights were
measured. The relative weight of these organs was obtained using the formula: organ

mass/ponderal mass x 100. The organs were analyzed macroscopically and microscopically.
3.9.2 Dinitrobenzene sulfonic acid (DNBS)-induced colitis in rats

Colitis induction was conducted according to Morris et al. (31), with minor modifications (205).
Female Wistar rats were randomized into six groups (n = 8): The control group (non-colitis),
DNBS group (were not treated after colitis induction), sulfasalazine (SSZ; received 250 mg/kg),
and NCE (received 100, 200 or 300 mg/kg), as described in Table 6.

Table 6. Experimental groups: Dinitrobenzene sulfonic acid (DNBS)-induced acute colitis assay.

Group Treatment
Control | Non-colitis group received intracolonic instillation of 0.9% normal saline only

DNBS Not treated after colitis induction

SSz Received the drug sulfasalazine 250 mg/kg administered by oral gavage
NCE 100 | Received 100 mg/kg of N. cochenillifera extract administered by oral gavage
NCE 200 | Received 200 mg/kg of N. cochenillifera extract administered by oral gavage
NCE 300 | Received 300 mg/kg of N. cochenillifera extract administered by oral gavage

SSZ: (sulfasalazine); NCE (Nopalea cochenillifera extract).

The animals received treatments 3 days before and 2 days after colitis induction. On day 4,
under light anesthesia at doses of 50 mg/kg of ketamine and 5 mg/kg of xylazine by an
intraperitoneal route and fasting overnight, animals kept in head-down positions were given
0.25 mL DNBS (25 mg dissolved in 50% (v/v) ethanol solution) through a Teflon cannula (2
mm diameter) inserted 8 cm into the anus. Rats from the control group intracolonically received
0.5 mL of 0.9% saline. The vehicle (water; control groups) or NCE or sulfasalazine were orally
administered for 12, 24, and 48 h after the colitis induction. All animals 72 h after the induction
with DNBS were euthanized with anesthetic overdoses of ketamine (225 mg/kg) and xylazine

(30 mg/kg) by an intraperitoneal route (Figure 9).
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Figure 9. Experimental design in the DNBS-induced colitis in rats. DNBS (Dinitrobenzene sulfonic acid); SSZ
(sulfasalazine); NCE (N. cochenillifera extract); DAI (Disease activity index)

The disease activity index (IAD) was evaluated by body weight variation, presence of rectal
bleeding, and stool consistency, a methodology adapted from Cooper et al., (206) and Berberat
et al. (207) (Table 7).

Table 7. Disease activity index (DAI) score used to evaluate the DNBS-induced.

Score (0-4) Weight loss (%) Stool consistency Rectal bleeding
0 None Normal Absent
1 1-10 Slight loss of consistency Slight (+)
2 10-15 Moderate loss of consistency Moderate (++)
3 15-20 Pasty Intense (+++)
4 >20 Diarrhea Very intense (++++)

Adapted from Cooper et al. (206) and Berberat et al. (207)

In this assay, the colons were opened longitudinally, photographed, and macroscopic damage
was assessed according to Bell et al. (1995) (208), with scores ranging from (0) normal colon
(no damage); (2) ulceration without hyperemia or wall thickening; (3) ulceration with flash
point; (4) two sites or more of ulceration and/or inflammation; (5) large inflammation zones
and ulceration with an extension greater than 1 cm and (6—10) for large areas of tissue damage
and for damage with an extension greater than 2 cm, with 1 point being added for each
additional centimeter of tissue injury. Finally, the length and weight of the colon were

measured.

Representative samples of the inflamed area were collected and fixed in buffered formaldehyde
for histological and immunohistochemical studies. Colonic samples also were frozen at -80 °C
for RT-qPCR, myeloperoxidase (MPO), malondialdehyde (MDA), and cytokine production

analyses.
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3.9.3 Dextran sulfate sodium (DSS)-induced colitis in mice

Male C57BL/6J mice (7-9 weeks old) obtained from Charles River Laboratories (Lyon, France)
were randomly divided into five groups (n = 10): Control (non-colitis group), DSS (colitis
group), NPB (Blank nanoparticles), NCE (N. cochenillifera extract 200 mg/kg) and NPE
(extract-loaded nanoparticles), as described in Table 8.

Table 8. Experimental groups: Dextran sulfate sodium (DSS)-induced acute colitis assay.

Group Treatment
Control | Non-colitis group

DSS Not treated after colitis induction

NPB Received nanoparticles without extract administered by oral gavage
NCE Received 200 mg/Kg of N. cochenillifera extract administered by oral gavage

NPE Received 4mg/Kg of extract-loaded nanoparticles administered by oral gavage

NPB (Blank nanoparticles); NCE (Nopalea cochenillifera extract); NPE (extract-loaded nanoparticles).

The animals received pre-treatments in the first two weeks of the trial. On day 15, colitis
induction was initiated by adding 3% (w/v) DSS (36-50 KDa, MP Biomedicals) to the animals
drinking water for five consecutive days, except in the healthy group, which received only
water. All mice were fed standard rodent chow and water (with or without DSS) ad libitum
throughout the experimental period. The dose chosen for this trial was based on the results
obtained in a previously performed study (described in topic 3.9.2). The disease activity index
(DAI) was evaluated from the first day of induction with DSS (day 15) until the sixth day after
induction (day 20). Mice were euthanized on day 21 (Figure 10). The DAI was evaluated by

body weight variation, presence of rectal bleeding and stool consistency (32) (Table 9).

| DSS 3% ,, water
Groups f | .
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D
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-7 Start Vo
pre-treatment Euthanasia

Figure 10. Experimental design in the DSS-induced colitis in mice. DSS (dextran sulfate sodium); NPB (Blank
nanoparticles); NCE (Nopalea cochenillifera extract); NPE (extract-loaded nanoparticles); DAI (Disease activity
index).
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Table 9. Disease activity index (DAI) score used to evaluate the DSS-induced.

Score (0-4) Weight loss (%) Stool consistency Rectal bleeding

0 None Normal Absent

1 1-5 Mucous traces Perianal blood traces
2 5-10 Loose stools Blood traces on stools
3 10-20 Diarrhea Bleeding

4 >20 Gross diarrhea Gross bleeding

Adapted from Garrido-Mesa et al. (32).

After the euthanasia of the animals, the colon was dissected near the ileocecal valve, weighed
(9), and its length (cm) was measured under a constant load (2 g) to determine the weight/length
ratio (g/cm) of the colon. Subsequently, intestinal explants were collected to measure cytokine
production (methodology described in item 3.9.3.2). Colon tissue samples were also collected
and fixed in buffered formaldehyde for histological studies. Finally, parts of the fragments were
frozen at -80 °C for RT-gPCR analysis.

3.9.3.1 Intestinal permeability

Four hours before being euthanized, mice from different experimental groups (n = 4) received
a FITC-Dextran solution administered by oral gavage (350 mg/Kg). Soon after, blood samples
were collected by cardiac puncture and centrifuged at 4 °C and 3000 rpm (4000xg) for 10
minutes. Plasma was diluted (1:50) in PBS (pH 7.4) and analyzed for FITC-Dextran
concentration with a fluorescence Spectrophotometer (Fluorostart, BMG Labtechnologies,
Offenburg, Germany) at an excitation wavelength of 485 nm and an emission wavelength of
535 nm. Standard curves were obtained by diluting FITC-dextran in PBS (33).

3.9.3.1 Colonic explant culture and cytokine determination by ELISA

Immediately after euthanasia, three circular fragments were collected from the distal, medial,
and proximal portions of the colon tissue using a punch biopsy (Miltex). The samples were
placed in cell culture plates with the mucosal part facing up and incubated in DMEM at 37 °C
(33). After 24 hours, the supernatants were collected (n = 8 per group). The levels of pro-
inflammatory cytokines (IL-1p and MIP-2) present in the supernatant were measured using
enzyme-linked immunosorbent assay (ELISA) with kits purchased from PeproTech (PeproTech

EC Ltd, London, UK), according to manufacturer's instructions.
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3.9.4 Metabolic Syndrome Study - Diet-Induced

Male C57BL/6J mice (5 weeks old) obtained from Charles River Laboratories (Lyon, France)
were randomly divided into four groups (n = 10): SD control, SD-NCE, HFD control, and HFD-
NCE, as described in Table 10.

Table 10. Experimental groups: Diet-induced metabolic syndrome assay.

Group Treatment
SD control Standard Diet + Vehicle
SD-NCE (200 mg/kg) | Standard Diet + N. cochenillifera extract administered by oral gavage
HFD control High-fat Diet + Vehicle
HFD-NCE (200 mg/kg | High-fat Diet + N. cochenillifera extract administered by oral gavage

SD (Standard diet); HFD (High-fat diet); NCE (Nopalea cochenillifera extract).

Mice were fed with either a standard chow diet (13% calories from fat, 20% calories from
protein, and 67% calories from carbohydrates) (Global diet 2014; Harlan Laboratories,
Barcelona, Spain) or a high-fat diet (HFD) with 60% of its caloric content derived from fat
(Purified diet 230 HF; Scientific Animal Food & Engineering, Augy, France). NCE was
dissolved in 0.1 mL of water and administered daily by oral gavage. The control groups also
received the same volume of the vehicle (water) used daily to administer the extract. Treatments
followed for 10 weeks, and the mice body weight and food and water intake were measured

regularly twice a week (36) (Figure 11).
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Figure 11. Experimental design in the mouse model of diet-induced metabolic syndrome. SD (Standard Diet);
HFD (High-fat Diet); NCE (N. cochenillifera extract).

The energy intake was calculated by multiplying the amount of diet consumed by each animal
per day (measured in g/day/animal) by the energy density of the respective diet and expressed

in kcal/g mouse weight/day. Furthermore, the energy efficiency was determined by computing
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the ratio between the final weight gain and the total energy intake throughout the entire

experimental period, expressed in g/kcal.

Glucose tolerance test

One week before the mice were euthanized, a glucose-tolerance test was performed on mice
that were food deprived for 8 h. The mice received a 50% glucose solution in water at a dose
of 2 g/kg of body weight by intraperitoneal route. Blood samples were collected from the tail
vein, and blood glucose was measured at time 0 (minutes before injection administration) and
60, 0, 15, 30, 60, 120, and 180 minutes after the glucose administration. The blood glucose
levels were measured using a portable glucometer (Contour XT, Ascensia Diabetes Care, S.L.,

Barcelona, Spain).
Plasma determinations

At the end of the 10th week of treatment, the mice were anesthetized, and blood samples were
collected by cardiac puncture. The samples were centrifuged for 20 minutes at 5000xg at 4°C,
and the plasma was frozen at -80°C. Plasma glucose, insulin, LDL (low-density lipoprotein)-
cholesterol, and HDL (high-density lipoprotein)-cholesterol concentrations were measured by

colorimetric methods using Spinreact Kits (Spinreact, S.A., Girona, Spain).

Morphological variables

Liver, abdominal, epididymis, and brown fat were removed, cleaned, and weighed. Liver and
fat weight indices were calculated by dividing their weights by the tibia length. Afterward, all

tissue samples were frozen in liquid nitrogen and stored at -80 °C.
3.9.5 Thiobarbituric acid reactive substance (TBARS) Assay

To assess lipid oxidation in liver tissue, we measured the levels of 2-thiobarbituric acid-reactive
substances (TBARS) using an extraction method with thiobarbituric acid (TBA) dissolved in
dimethyl sulfoxide (DMSO) and trichloroacetic acid at 10% (w/v) in water, along with 1,1,3,3-
tetramethoxypropane dissolved in ethanol. This method allowed us to indirectly measure the
levels of malondialdehyde (MDA), a breakdown product of lipid peroxidation, based on its
ability to react with TBA and form TBARS, a pink chromogen measured at 535 nm. TBARS
levels were expressed as pM/mg of protein in the liver tissue. The protein content of the samples
was determined using the bicinchoninic acid assay (BCA) colorimetric method with bovine

serum albumin (BSA) as the standard.
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3.9.6 Determination of myeloperoxidase (MPO) activity

MPO activity following the technique described by Krawisz et al. (209). Next, the homogenates
were subjected to a triple freeze-thaw process for approximately 3 hours and then subjected to
the action of a sonicator (Schuster L 200 Ultrasonic Washer) for 5 minutes without the presence
of light. Next, aliquots were centrifuged (2000xg at 4 °C for 20 minutes), and the supernatant
was stored at -80°C until analysis. For the assay, 50 uL ofthe resulting supernatant from colonic
tissue aliquots and 150 pL of chromogenic reagent (composed of o-dianisidine dihydrochloride
with hydrogen peroxide) were added to a 96-well plate, resulting in the formation of a
chromophore that has a maximum absorbance of 450 nm, which was quantified using a
microplate reader (Mindray MR-96A). Results were expressed as units of MPO per gram of
wet tissue (U/g), with one unit of MPO activity defined as the amount of MPO that degrades 1

mmol of hydrogen peroxide per minute at 25 °C.
3.9.7 Determination of malondialdehyde (MDA) levels in the intestine

MDA content was determined by the method described by Esterbauer and Cheeseman (210).
First, colonic tissue samples (n = 8) were homogenized (homogenizer Marconi MA1102, SP,
Brazil) with 20 mM Tris hydrochloride buffer (pH =7.4; 1:5 w/v) and centrifuged at 2500x g at
4 °C for 10 min. Then, the supernatants were assayed with chromogenic reagent (1-methyl-2-
phenylindole 10.3 mM in 3:1 acetonitrile) and HCI (37%) for 40 min at 45 °C and centrifuged
again (2500x g at 4 °C for 5 min). Finally, the reading was performed at 492 nm in a microplate
reader (Mindray MR-96, SP, Brazil), and calculated its content by interpolation on a standard
curve with 1,1,3,3-tetra ethoxy propane (10 mM). The results were expressed as nmol/g tissue
(181).

3.9.8 Measurement of Cytokine Production in the Intestine

Intestinal tissue (n = 8) was homogenized (homogenizer Marconi MA1102, SP, Brazil) with
PBS and centrifuged (3500x g at 4 °C for 10 min). Cytokine levels in the supernatant resulting
from centrifugation were evaluated using kit protocols (Sigma-Aldrich, S&o Paulo, Brazil), and
standard capture and detection antibodies for IL-1B, TNF-a and IL-10. Cytokine levels were
determined at an absorbance of 450 nm (expressed in ng/g) by ELISA (Mindray MR-96, SP,
Brazil), performed using the method described by Da Silva et al. (211).
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3.9.9 Analysis of gene expression by RT-gPCR

RNA extraction

Colon tissue samples collected in the DNBS-induced colitis study (described in item 9.2 of this
section) were homogenized. First, RNA was extracted from colonic tissue using the Trizol
reagent (Intvitrogen™, Waltham, MA, USA). And then, RNA was isolated using the total SV
Total RNA isolation system (Promega Corporation®, Southampton, UK), following the

manufacturer's specifications.

For colon tissue samples were homogenized using a Precellys 24 tissue homogenizer (Bertin
Technologies, Montigny-Le bretonneux, France), and then RNA was isolated using the
RNeasy® Mini Kit (Qiagen, Hilden, Germany), following the manufacturer's instructions. The
extracted RNA was measured with a NanoDrop™ 2000 spectrophotometer (ThermoFisher

Scientific, Waltham, MA, USA).

RNA retrotranscription

For cDNA synthesis, 2 ug - 5 ug of total RNA per sample was reverse transcribed into cDNA
using the oligo(dT) primers (Promega, Southampton, UK) or Kit High-Capacity cDNA Reverse

Transcription (Applied Biosystems, USA), following the manufacturer’s instructions.

Gene expression analysis by quantitative PCR (qPCR)

The resulting cDNA was amplified using MasterMix gPCR Syber Green (PCR Biosystems Ltd)
and primers (Forward-Reverse/FW-RV) (Table 11). The gene expression was normalized using
the housekeeping glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-actin (-
actin) gene as the internal control. Relative gene expression was calculated using the AACt

method and expressed as fold-change compared with the control group.

Table 11. Primer sequences used in PCR assays.

Gene Primer sequence 5’- 3’ Organism AnTn?c?(I:I)ng

GAPDH FW: CCATCACCATCTTCCAGGAG Mouse 60
RV: CCTGCTTCACCACCTTCTTG

p-actin FW: CGCACTGCCGCATCCTCT Rats 58
RV: GTCGAAGAGAGCCTCGG

AMPK FW: GACTTCCTTCACAGCCTCATC Mouse 60
RV: CGCGCGACTATTCAAAGACATACG

GLUT-4 FW: TCAGAAGACAAGATCACCGGA Mouse 59
RW: GCTGGTGTGACTGTAAGTGGG

ICAM-1 FW: GAGGAGGTGAATGTATAAGTTATG Mouse 60

RV: GGATGTGGAGGAGCAGAG
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IL-1p FW: TGATGAGAATGACCTGTTCT Mouse 57
RV: CTTCTTCAAAGATGAAGGAAA

IL-6 FW: TAGTCCTTCCTACCCCAATTTCC Mouse 59
RV: TTGGTCCTTAGCCACTCCTTC

iNOS FW: GTTGAAGACTGAGACTCTGG Mouse 56
RV: GACTAGGCTACTCCGTGGA

Leptin-R FW: GCTATTTTGGGAAGATGT Mouse 60
RV: TGCCTGGGCCTCTATCTC

MAPK-1 FW: CCCAAGTGATGAGCCCATTG Rats 58
RV: GGTAAGTCGTCCAGCTCCATGT

MCP-1 FW: AGCCAACTCTCACTGAAG Mouse 55
RV: TCTCCAGCCTACTCATTGF

MIP-2 FW: CAGTGAGCTGCGCTGTCCAATG Mouse 65
RV: CAGTTAGCCTTGCCTTTGTTCAG

MUC-1 FW: GCAGTCCTCAGTGGCACCTC Mouse 60
RV: CACCGTGGGCTACTGGAGAG

MUC-2 FW: GCAGTCCTCAGTGGCACCTC Rats 60
RV: CACCGTGGGGCTACTGGAGAG

MUC-3 FW: CGTGGTCAACTGCGAGAATGG Mouse 65
RV: CGGCTCTATCTCTACGCTCTCC

NF-KB P65 FW: TCTGCTTCCAGGTGACAGTG Rats 58
RV: ATCTTGAGCTCGGCAGTGTT

OCLN FW: ACGGACCCTGACCACTATGA Mouse 64
RV: TCAGCAGCAGCCATGTACTC

PPAR-a FW: AGGCTGTAAGGGCTTCTTTCG Mouse 62
RV: GGCATTTGTTCCGGTTCTTC

PPAR-y FW:CATGGTGCCTTCGCTGAT Mouse 60
RV:CAATGGCCATGAGGGAGTTA

TLR-4 FW: GCCTTTCAGGGAATTAAGCTCC Mouse 65
RV: AGATCAACCGATGGACGTGTAA

TNF-a FW: AACTAGTGGTGCCAGCCGAT Mouse 56
RV: CTTCACAGAGCAATGACTCC

Z0-1 FW: GGGGCCTACACTGATCAAGA Mouse 56

RV: TGGAGATGAGGCTTCTGCTT

3.10 Western blot

Liver samples (n=6) were homogenized, and protein concentrations were measured (BCA
Protein Assay Kit, Pierce Biotechnology, Rockford, IL, USA). 100 pg of protein were separated
on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 12%)
(Beyotime Biotechnology, Jiangsu, China) and transferred to a polyvinylidene fluoride (PVDF)
membrane (GE Healthcare Life Sciences, Chicago, IL, USA). The membranes were blocked
with 3% BSA and incubated at 4 °C overnight in primary antibodies: AMPK (1:1000 dilution),
pAMPK (1:1000 dilution), PI3K (1:500 dilution), pPI3K (1:500), and -actin (1:1000 dilution)
served as the internal reference (Santa Cruz Biotechnology, Heidelberg, Germany, sc-47778).
After 3 consecutive washes, the membranes were incubated for 2 h with secondary antibodies
(Abcam, Cambridge, UK). Signal development was performed with the clarity western ECL
substrate (Bio-Rad, Hercules, CA, USA) and signal acquisition using a ChemiDoc image

system (Bio-Rad, Hercules, CA, USA). The quantification of bands was performed by
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densitometric analysis using ImageJ Fiji software (Free Software Foundation Inc., Boston, MA,
USA) (212).

3.11 Histological studies

Representative samples of colonic tissue, liver, and fat (n = 5 per group) were collected and
fixed in 4% paraformaldehyde, dehydrated in ethanol solutions, and embedded in paraffin.
Subsequently, colonic sections with 4-5 um thickness were obtained with a microtome and

stained with hematoxylin and eosin (H&E).

Specifically, the histochemical staining of mucins was carried out in the samples from the DSS-
induced colitis study (described in item 9.3 of this section). Sections were first incubated in

alcian blue (1%) in acetic acid (3%) for 30 min prior to conventional H&E staining.

Histological sections were evaluated for the degree of leukocyte infiltration and its distribution
in the colonic tissue (Score 1-6), following criteria pre-established by Zea-Iriarte et al. (213) or
the degree of edema, inflammatory cell infiltration, presence of ulceration, and state of the
crypts were evaluated (Score 0-59), following criteria pre-established by Garrido-Mesa et al.
(32). Additionally, the adipocyte size of the fat samples collected from the mouse-induced
metabolic syndrome assay (described in item 9.4 of this section) was measured and analyzed

using Fiji (advanced distribution of ImageJ) imaging software with the Adiposoft v1.16 plugin.

Immunohistochemical analysis was performed on the colon samples collected in the DNBS-
induced colitis study (described in section 9.2 of this section). The histological sections were
deparaffinized, rehydrated, washed in 0.3% Triton X-100 in phosphate buffer, and incubated
with endogenous peroxidase (3% hydrogen peroxide). The sections were incubated overnight
at 4 °C in the presence of primary antibodies (Santa Cruz Biotechnology, Dallas, TX,
USA): NF-kB p65 (1:100) and COX-2 (1:500). The sections were carefully rinsed with
phosphate buffer and incubated in the presence of secondary antibody streptavidin/HRP-
conjugated (Biocare Medical, Concord, CA, USA) for 30 min. Immunoreactive cells were
visualized by colorimetric detection following the protocol provided by the manufacturer
(TrekAvidin-HRP Label + Kit Biocare Medical). Determination of the immunostaining
intensity of the cells was determined by an adaptation of the protocol described by Guerra et al.
(214).
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3.12 Statistical Analysis

All data are represented as the mean = SEM. Differences between means were tested for
statistical significance using one-way ANOVA followed by Tukey’s test. Non-parametric data
(score) were expressed as the median (range) and were analyzed using the Mann—Whitney test

for histological studies.

As for the experimental data related to obtaining and characterizing the nanoparticles, they were
presented with the mean values + standard deviation. Initially, a normality test was performed,
followed by the test t-student for paired analyses of two means or the one-way analysis of

variance (ANOVA), followed by the Tukey test when applicable.

All statistical analyses were performed using GraphPad 6.0 software (GraphPad Software Inc.,
La Jolla, CA, USA) with statistical significance set at p < 0.05.



V. RESULTS



IV. Results

The results obtained from the experiments were sequentially presented in this section, arranged

in the order of their execution.
4.1 Physicochemical and phytochemical analysis of Nopalea cochenillifera Extract

The physicochemical analysis results of NCE, including pH, molar acidity, moisture, ashes,
ether extract, crude fiber, protein, and total carbohydrates, are presented in Table 12. Notably,
NCE has a high carbohydrate content (67.863 = 0.00) and a significant content of phenolics
(67.85 £ 0.04) but a low lipid content (2.78 + 0.69). The total phenolic and flavonoid contents
were expressed in gallic acid (GAE) and quercetin equivalent (QE) (mg) per gram of dry extract
with a mean value equal to 67.85 mg GAE per g and 46.16 mg QE per g, respectively. The yield
of dry extract was 4.48% (Table 13).

Table 12. Physicochemical analysis of N. cochenillifera hydroethanolic extract (NCE).

Parameters Values
pH 4.50 +0.04
Molar acidity (g/100 g) 4.40+0.00
Moisture (g/100 g) 12.98 £ 0.51
Ashes (g/100 g) 0.002 + 0.00
Ether extract (9/100 g) 2.78£0.69
Crude fiber (g/100 g) 63.85+7.32
Protein (g/100 g) 16.36 £ 0.35
Total carbohydrates (g/100 g) 67.86 £ 0.00

Experimental results analyzed in triplicate. Data expressed as mean + standard deviation.

Table 13. Total phenolic and flavonoid content of N. cochenillifera extract (NCE).

Extract Total phenolics * Total flavonoids 2 Yeld
__ (mg GAE/g) (mg QE/g)
Nopalea cochenillifera 67.85+ 004 46.16 £0.03 4%

hydroethanolic extract

! Gallic acid equivalent milligrams (GAE) per hundred grams of extract (mg GAE/g); 2 Quercetin equivalent

milligrams (QE) per hundred grams of extract (mg QE/g); Experimental results analyzed in triplicate. Data
expressed as mean + standard deviation.

The chromatographic profile analysis was performed through HPLC-ESI-MS" in the negative
and positive ionization mode (Figure 12), allowing the characterization of saccharides, organic

acids, phenolic acids, and flavonoids.
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The compounds were characterized based on assignments of their mass spectra, using the

precursor ion, fragment ions, and comparing the fragmentation patterns with molecules

provided by the GNPS library and described in the literature. The putative identification of

these compounds is summarized in Table 14. Each compound was assigned a number following

the sequence of its retention time.

Table 14. Annotated compounds in the N. cochenillifera hydroethanolic extract by HPLC-ESI-MS"

Rt

MS 2 3 A
.N. (min) Adduct (mi2) MS< (m/z) MS® (m/z) Metabolite References
. dihexose TRIPODO et
1 441 [M+Cl] 3t 341 281,179,161 (maltose or sucrose) al., 2018.
) 177, 159, . LIUetal.,
2 4.71 [M-H] 195 129 101, 85, 57 gluconic acid 2010.
3 495 [M+CI]" 539 503, 341 341, 323 trihexose (raffinose) TI;UZNOol\é et
; dihexose TRIPODO et
4 517 [M+Cl] 3t 341 281,179,161 (maltose or sucrose) al., 2018.
] o YAKUBU et
5 932 [M-H] 191 173, 111 67 citric acid al.. 2021,
ABU-
6 9.69 [M+H]* 135 117,99 99,71 malic acid REIDAH et
al., 2015.
7 1219 [M+H]* 284 152 135, 128, 110 guanosine TUYTTEN et
al., 2005.
] 269, 195, 163, dihydroxybenzoic acid HAN et al.,
- 429, 403,
8 1950 [M-H] 447 153,119 O-pentose-hexose 2008

315, 297,
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207, 177,
163
; dihydroxybenzoic acid HAN et al.,
9 2142 [M-H] 447 315 153, 123 O-pentose-hexose 2008
10 2246 [M+H]" 195 177 163, 145, 117 ferulic acid BEN-SAID et
al., 2017
295, 265,
) 235, 217, . BEN-SAID et
11 2436 [M-H] 355 103, 175, 178, 149, 134 ferulic acid O-hexose al.. 2017
160, 134
; 217,193, . BEN-SAID et
12 2575 [M-H] 355 175 178, 149, 134 ferulic acid O-hexose al.. 2017
. S HAYUN et
13 2753 [M+H] 169 137 109, 93, 81 vanillic acid al.. 2020.
611, 465 285, 257, 229 quercetin-O-hexose- LIN,
143098 [M+H] 757 303 165, 153 deoxyhexose HARNLY
2007.
. feruloyltyramine-O- GENG et al.,
15 31.89 [M+H] 476 314 177, 145 hexose 2017
625, 479, methylquercetin-O- LIN,
16 3298 [M+H]* 771 463, 427, 3022’5278?5%74’ hexose-deoxyhexose- HARNLY
317, 302 ' deoxyhexose 2007.
. feruloyltyramine-O- NIKOLIC et
17 3432 [M+H] 562 386, 314 177, 145 (malonyl)-hexose al.. 2013,
. 593, 465, 285, 257, 229, quercetin-O-hexose- SPINOLA et
18 3519 [M+H] 611 303 165 deoxyhexose (rutin) al., 2015
19 3656 [M-H] 445 283 268 hydroxymethoxy- HARNLY
' isoflavone-O-hexose
2007
hydroxy-dimethoxy- LIN,
20 37.27 [M+H]* 461 299 284, 266 . HARNLY
isoflavone-O-hexose
2007
. 177, 145, : NIKOLIC et
21 3746 [M+H] 314 117 145, 117 feruloyltyramine al.. 2013,
269,258, 241, kaempferol-O-hexose- LIN,
22 3815 [M+H]* 595 449,287 231,213,197, dF:eox hexose HARNLY
165, 153, 121 y 2007
23 3860 [MeH]s e25 478317 302,285,229, methyiquercetin-O- LARNLY
' 302 165, 153 hexose-deoxyhexose 2007
299, 284 hydroxydimethoxy- LIN,
24 38.83 [M+H]* 547 PN 284, 266 isoflavone-O-(malonyl)- HARNLY
266
hexose 2007
299 284 hydroxydimethoxy- LIN,
25 39.91 [M+H]* 547 PN 284,266,239 isoflavone-O-(malonyl)- HARNLY
266
hexose 2007

(@) In bold are the precursor ions of MS" experiments.
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The sugar portion of the O-glycosylated compounds was determined by analysis of
fragmentation pathways of the precursor ions in the positive and negative mode, such as the
cleavage of saccharide residues, leading to characteristic neutral losses of 132 (pentose), 146
(deoxyhexose), and 162 Da (hexose) (215,216). MS/MS spectra analysis of the precursor ions
[M+H]" at m/z 757 (14), 771 (16), 611 (18), 595 (22), and 625 (23) showed characteristic
fragmentations of the flavonoids O-glycosylated with sequential losses of deoxyhexose and
hexose moiety, which led to the formation of the product ions Yo" at m/z 287 and m/z 303,
found to be associated with the flavonol aglycones of kaempferol and quercetin, respectively.
In addition, second-order fragmentation for compounds 16 and 23 resulted in neutral losses of
15 and 32 Da, corresponding to CH3 and CH3OH, respectively (217,218).

The precursor ions [M+H]" at m/z 447 (19), 461 (20), and 547 (24 and 25) showed a
fragmentation pattern similar to flavonoids due to the loss of sugar residues, which resulted in
the formation of Yo" ions at m/z 285 (19) and at m/z 299 (20, 24 and 25) and the radical
elimination of methyl groups. This fragmentation pattern, which agrees with reports published
in the literature, implies the presence of methoxylated isoflavones (219). The second-order
fragmentation of compounds 24 and 25 resulted in a characteristic loss of 248 Da
[M+H—-86—162]+, indicating an acylation at the glycosyl residue assigned to the malonyl
hexose group (215).

The analysis of the MS/MS mass spectra recorded for the precursor ions at m/z 476 (15), 562
(17), and 314 (21) showed representative fragmentation patterns of the amides of
hydroxycinnamic. The second-order mass spectra of these ions showed similar characteristic
losses of 137 Da and the fragment at m/z 177, corresponding to the tyramine and the ferulic
acid residue, respectively (220,221). Other organic compounds were also observed, including
several organic acids (compounds 2, 5, and 6), benzoic acids (compounds 8-9 and 13), and

hydroxycinnamic acid and their derivatives (compounds 10-12). (Table 14).
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Figure 13. Structures of the compounds characterized in the N. cochenillifera extract.




IV. Results

4.2 Acute Toxicity

In the acute toxicity test, no mortality was observed in the experimental group that received an
oral administration of NCE at a dose of 2000 mg/kg for a short period of 48 h and a prolonged
period of 14 days. The animals survived until the end of the observation period. Body weight
and feed consumption did not change during the 14 days compared to the control group (Figure
14).

A B
2207 -~ Control 20 - Control
-+ NCE T . -+ NCE
= = 194
= 200+ S
= = 18-
=0 =
E E
= z 174
_;' 1809 3 Lﬁ-—-‘d
= 2 161
Y=
160 T T . 15 T T T
1 7 14 N A >
Day Day

Figure 14. Relative body weight (A) and food consumption (B) of female rats treated with a single dose (2000
mg/kg) of Nopalea cochenillifera extract (NCE) observed for 14 days. Data are expressed as Mean + SEM (n =
6/group). No statistical differences were detected between the treated group and the control group.

Table 15 presents the results of biochemical and hematological tests. NCE administration did
not induce adverse effects related to toxicity concerning variation in body weight, general
behavior, relative organ weights, and hematological and biochemical parameters of the animals
in the treated group compared to the control group. For comparison purposes, the specialized
literature recommends appropriate standardizing values for healthy animals from each animal

house/laboratory, respecting local characteristics (222,223).

Table 15. Biochemical and hematological parameters of female rats treated with a single oral dose (2000 mg/kg)
of Nopalea cochenillifera extract (NCE).

Biochemical Parameters

Parameters Control™ NCE"™ (2000 mg/kg) Wislfef:e(lr:eerﬁ;es)
Glucose (mg/dL) 159 +5.39 151 +9.26 53-172
Triglycerides (mg/dL) 48 +9.91 54 +5.26 23-138
Total Cholesterol (mg/dL) 69 +5.55 62 +3.33 54-96
Urea (mg/dL) 36 +5.55 33+5.26 24-49

Creatinine (mg/dL) 0.6+ 0.05 0.5+ 0.08 0.3-1.1
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Albumin (mg/dL) 2.9+0.09 3.0+£0.04 1.3-3.8
AST (U/L) 99+2.90 86 +8.53 51-211
ALT (U/L) 50 +0.69 52 +0.55 32-62

Hematological parameters

Erythrocytes (x10%/L) 7.53+5.39 7.28+9.26 5.21-8.83
Hemoglobin (g/dL) 13.7+2.20 13.40 +1.13 11.1-17.10
Hematocrit (%) 44 +2.95 43.00 £ 2.43 27.00-49.00
MCV (fL) 51.27 +1.55 49.86 + 4.36 45.00-56.70
MCH (pg) 18.41+1.95 20.06 + 1.06 16.60-22.80
MCHC (g/dL) 30.74+0.12 31.35+0.98 30.40-43.90
Leukocytes (cell/uL) 6400 + 1920 5900 + 1150 2300-9900
Platelets (x105/uL) 904 + 96 1.025 + 89 760-1.310

AST: aspartate aminotransferase, ALT: alanine aminotransferase, MCV: Mean Corpuscular Volume, MCHC:
Mean Corpuscular Hemoglobin, MCHC: Mean Corpuscular Hemoglobin Concentration. ns: not significant. Data
are expressed as Mean + SEM (n = 6/group). No statistical differences were detected between the treated group
and the control group.

No changes were observed between groups in the Hippocratic screening. The open-field test
showed no significant difference in ambulation, rearing behavior, and grooming activities when
comparing the control group to those treated with NCE. On day 7, there was an increase in the
frequency of standing up in the group treated with the 2000 mg/kg dose of NCE. An increase
in the number of defecations was also observed in the treated group during the experiment
(Table 15).

In evaluating the motor activity of the animals employing the dwell time (seconds) on the
rotating bar of the rotarod apparatus, no significant differences were recorded between the

control group and the treated animals. The data are presented in Table 16.

Table 16. Behavioral evaluation in the open field test and motor activity evaluation in the rotarod test in rats on
days 1, 7 and 14 post-treatment with N. cochenillifera extract (NCE) in a single oral dose (2000 mg/kg).

Open Field Test

Parameters Day Control NCE (2000 mg/kg)

1 230.80+3.93 250.20+5.54
Total distance traveled (cm) 7 240.20+2.15 220.20+4.76

14 260.80 +3.50 250.80 +4.52

1 1420+225 16.40+8.40
Rearing or climbing behavior (count) 7 12.32+5.28  12.20+4.38
14 16.00+£6.06  19.6 +4.76
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1 860+1.95 9.60£2.91
Grooming (count)
7 7.00+2.80 8.74 £ 2.67

14 7.65+1.54 9.80 +2.96

1 1.00+1.008 3.80+1.00°
Number of defecations 7 160+1.022 3.80+0.98°
14 0.80+0.532 4.20+2.00"

Rotarod test

1 180.0+£0.00 179.6+0.40
Staying Time (seconds) 7 180.0+0.00 179.0%+1.00
14 180.0+0.00 180.0+0.00

Values represent the mean + SEM (n = 6/group). Different letters differ statistically.

The relative weights of the organs displayed no statistically significant distinctions between the
animals that received NCE doses and those in the control group. Therefore, the relative weights
of the liver, spleen, kidneys, heart, and lungs were unaffected by the acute administration of
NCE at a dose of 2000 mg/kg (Table 17). Additionally, no external morphological

modifications were noted in the texture or color of these organs compared to the control group.

Table 17. Relative weight of the organs of the rats in the control group and treated with N. cochenillifera extract
(NCE) in a single oral dose (2000 mg/kg).

Relative Organ Weight (g/100 g body weight)

Organ Control™ NCE™ (2000 mg/kg)"™
Liver 3.80+0.12 4.10+0.02
Spleen 0.28+0.03 0.30+0.04

Kidneys 0.90 £ 0.03 0.87 £ 0.04
Heart 0.35+0.01 0.37+£0.02
Lung 0.42+0.09 0.42+0.20

ns: not significant. Data are expressed as Mean + SEM (n = 6/group). No statistical differences were detected
between the treated group and the control group.

In the microscopic analysis of the organs (liver, kidneys, and spleen) performed with the control
group and with the animals treated with NCE (2000 mg/kg), no abnormalities were found, and
the organs analyzed presented normal architecture, suggesting that there were no morphological

changes (Figure 15).
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stain; 10x and 40x magnification) of tissues from rats in the control group and treated with N. cochenillifera extract
(NCE) in a single oral dose (2000 mg/kg) after 14 days.

4.3 Effect of Nopalea cochenillifera extract on DNBS-Induced colitis in rats

The Disease Activity Index (DAI), Macroscopic Score and Weight/Colonic Length Ratio

The DNBS group showed important characteristics related to IBD, evidenced throughout the
experiment, such as a loss of body weight, blood in the perianal region, and altered stool
consistency, represented in parameters evaluated in the DAI (Figure 16A). Pre-treatment with
NCE 100, 200, and 300 mg/kg or SSZ 250 mg/kg promoted a significant improvement in the
DAI values when compared to the DNBS group (p < 0.05) (Figure 16A).

The body weights of all control and DNBS group rats were measured daily. The change in body
weight from day 1 to day 6 is shown in Figure 16B. The baseline of the weight change was the
mean weight of the first day (Day 1). The difference in weight loss was observed from day 5
onward in the SSZ and NCE-treated groups at doses of 200 and 300 mg/kg compared to the
DNBS group.
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Figure 16. Effect of treatments with N. cochenillifera extract (NCE) (100, 200 and 300 mg/kg) and sulfasalazine
(SSZ) (250 mg/kg) on colitis induced in rats by 2.4-Dinitrobenzene sulfonic acid (DNBS). (A) disease activity
index and (B) weight loss. Data are expressed as means = SEM. Groups with a different letter differ statistically
(p <0.05).

The macroscopic colonic damage observed in the DNBS control group was characterized by
large areas of tissue damage, with the presence of ulcerations and thickening of the intestinal
wall (Figure 17A) leading to a mean macroscopic damage score of 9.0 (Figure 17B), also

represented by the weight/length of the intestine (Figure 17C).
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Figure 17. Effect of treatments with N. cochenillifera extract (NCE) (100, 200 and 300 mg/kg) and sulfasalazine
(SSZ) (250 mg/kg) on colitis induced in rats by 2.4-Dinitrobenzene sulfonic acid (DNBS). (A) Colon damage; (B)
macroscopic damage score; (C) weight/length ratio. Data are expressed as means + SEM. Groups with a different
letter differ statistically (p < 0.05).

Effect of N. cochenillifera extract on cytokine levels, oxidative stress and gene expression of

inflammation markers

The malondialdehyde (MDA) levels significantly decreased in the colonic tissue samples of the
SSZ group and NCE-treated rats at 100, 200, and 300 mg/kg compared to the DNBS group can

be seen in Figure 18.

To verify whether treatment with NCE might cause an effect on reducing neutrophil infiltration
into the intestinal mucosal layer, myeloperoxidase (MPQO) activity was measured in the colonic
tissue. As shown in Figure 18, the colitis induced significant recruitment of intestinal
neutrophils. These parameters were significantly reduced in the SSZ and NCE-treated groups
at doses of 200 and 300 mg/kg.

TNF-a levels were significantly increased in the DNBS group and remained at baseline levels
in the control group. On the other hand, it reduced in the SSZ group (p < 0.05) and all groups
treated with NCE, compared to the DNBS group. The pre-treatment revealed that NCE at 200
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and 300 mg/kg doses significantly reduced IL-1f levels. However, NCE at a 100 mg/kg dose
did not differ statistically from the DNBS group. IL-10 levels were significantly increased in
the SSZ group and the treatment with NCE at doses of 200 and 300 mg/kg compared to the
DNBS group, and in NCE (100 mg/kg), no significant increase was observed (p < 0.05) (Figure
18).
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Figure 18. Effect of N. cochenillifera extract (NCE) (100, 200 and 300 mg/kg) and sulfasalazine (SSz) (250
mg/kg) on colonic. Malondialdehyde (MDA) levels; myeloperoxidase activity and cytokines levels: tumor necrosis
factor alpha (TNF-a), interleukin-1beta (IL-18), and interleukin 10 (IL-10). Data are expressed as means + SEM.
Groups with a different letter differ statistically (p < 0.05).

The quantitative real-time polymerase chain reaction (qPCR) experiment for the DNBS group
exhibited an increased mMRNA expression of MAPK1 (ERK2) and NF-kB-p65 compared to the
healthy group. In addition, DNBS-induced colonic damage showed decreases in gene
expression of MUC-2 and ZO-1 when compared to the healthy group. The SSZ and NCE groups
decreased the mRNA expression of MAPK1/ERK2 and NF-kB p65. The data demonstrated
increased mMRNA expression for MUC-2 and ZO-1 in the groups treated with SSZ and NCE at
doses of 200 and 300 mg/kg (p < 0.05) compared to the DNBS group (Figure 19).
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Figure 19. Effect of N. cochenillifera extract (NCE) (100, 200 and 300 mg/kg) and sulfasalazine (SSz) (250
mg/kg) on the gene expression of mitogen-activated protein kinase 1 (MAPK1/ERK?2), nuclear factor kappa B p65
(NF-xB p65), zonula occludens type | (ZO-1) and mucin type Il (MUC-2) in colonic tissue of the experimental
trial of colitis induced by 2,4-dinitrobenzene sulfonic acid (DNBS) in rats. Data are expressed as means + SEM.
Groups with a different letter differ statistically (p < 0.05).

Histological and immunohistochemical analysis

According to the results of the histological analyses of the colon samples, the treatment with
NCE has a positive impact on reducing inflammation and promoting the regeneration of the
intestinal mucosa. The DNBS group displayed severe inflammation, with intense infiltration of
polymorphonuclear cells and ulceration of the intestinal mucosa, leading to loss of basal
membrane integrity (as shown in Figure 20B). On the other hand, the SSZ group and the groups
receiving NCE at doses of 200 and 300 mg/kg showed moderate inflammatory infiltration, and
the intestinal mucosa was observed to be in the regeneration process (as shown in Figures 20E
and 20F). Furthermore, the histological analysis revealed a statistically significant difference in
the histopathological scores for the SSZ group (p < 0.05; Figure 20G) and all the groups treated
with NCE compared to the DNBS group.
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Figure 20. Histopathological analyses of representative colonic tissue (longitudinal section) using
Hematoxylin/Eosin staining. Groups represented: Control group (A), DNBS group (B), Sulfasalazine (SSZ) (250
mg/kg) (C) and NCE—N. cochenillifera extract (100, 200 and 300 mg/kg) (D—F) and histopathological score (G).
The figure represents microscopic damage assessment (10x and 40x magnification). Normal intestinal layers
(star), inflammatory cell infiltrate intense (***) and moderate (**), total mucosal ulceration (circle), Initial mucosal
regeneration (arrow). Data are expressed as means = SEM. Groups with a different letter differ statistically
(p<0.05).

Figure 21 depicts the immunohistochemical staining of NF-kB p65 and COX-2 in colonic tissue
samples. In the control group, there was no observed expression of NF-xB p65 or COX-2
positive cells. However, the administration of DNBS increased the expression of NF-kB p65
and COX-2 in the colon tissue compared to the control group (as shown in Figure 20). In
contrast, administering sulfasalazine and NCE at 200 and 300 mg/kg doses reduced the
expression of NF-xB p65 and COX-2 positive cells compared to the DNBS group (p < 0.05, as
depicted in Figure 21).
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Figure 21. Immunohistochemical analyses of representative colonic tissue (longitudinal section). NF-kB p65 and
COX-2 and their respective immunohistochemical scores. Groups represented: Control group (A), DNBS group
(B), Sulfasalazine (SSZ) (250 mg/kg) (C) and NCE—N. cochenillifera extract (100, 200 and 300 mg/kg) (D-F).
The figure represents a microscopic damage assessment (10x and 40x magnification), the lines indicate diffuse
active colitis with intense antibody reactivity, the asterisks represent dense infiltrate of inflammatory cells and

arrows indicate antibody reactivity. Data are expressed as means + SEM. Groups with a different letter differ
statistically (p <0.05).

4.4 Preparation, Characterization and Entrapment Efficiency of Nanoparticles (NPB and
NPE)

The characterization of NC-nanoparticles (NPE) and blank nanoparticles (NPB) is described in
Table 18. For both NPB and NPE, the average particle size was less than 100 nm, with unimodal
distribution (Pdl < 0.2), and significant differences were not observed (p > 0.05) for size and
Pdl data between the two samples. The entrapment efficiency (EE) for NPE was determined

using an indirect method of phenolics dosage. The data show an EE close to 100% (99.15 £
0.3%) (Table 18).
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Table 18. Physicochemical properties of the nanoparticle blanks (NPB) and extract-loaded nanoparticles (NPE),
immediately after obtaining the systems and incorporation efficiency of NPE (n = 3). Pdl (polydispersity index),
nm (nanometer), standard deviation (SD), millivolt (mV).

Diameter (hm) £ SD  Pdl (nm) + SD  Zeta Potential (mV) + SD EE (%)
NPB 68.88 £1.711 0,134 £ 0,011 -25.1+1.80 -

NPE 76.45 + 2.246 0.165 +0.011 -15.8+2.61 99.15+0.3

Fourier transform infrared spectroscopy (FTIR - ATR) analysis

The spectra of the extract, the polymers, and the NPB and NPE are shown in Figure 22. The
leading bands were observed at 3330, 2920, 1620, and 1440 cm™, and the most intense at 1044
cm™. In the spectrum of the nanoparticle system loaded with the extract (NPE), the signals from
the extract practically disappear, leaving only the signals related to the polymer Eudragit S100.
Note the broadening of a band at 1440 cm™ in the NPE spectrum that was identified in the NPB
(Figure 22).
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Figure 22. Fourier transform infrared spectra (FTIR) for individual excipient and for the active: extract-loaded
nanoparticles (NPE), nanoparticle blanks (NPB), N. cochenillifera extract (NCE), Poloxamer 407 (POL 407) and
Eudragit® S100 (EUD S100).
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Morphological analysis of the nanoparticles

Figure 23 demonstrates 2D and 3D AFM images, SEM images, and particle size distribution
charts. Microscopic analyses were carried out to observe the morphology and appearance of the
particles, such as shape and surface. It can be seen from the images that both NPB and NPE

have a spherical shape and a smooth and intact surface. A narrow distribution is observed with

the size distribution charts, which corroborates the obtained Pdl values.
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Figure 23. Nanoparticles morphology in 2D and 3D topographic images obtained by AFM, SEM images and
distribution of particles, respectively. (A) EUD S100 nanoparticles blanks — NPB; (B) EUD S100 extract-loaded
nanoparticles (NPE).

Stability study of Nanoparticles

Over 30 days, the systems were stored in the refrigerator at 4 + 2 °C, and their stability was
evaluated on changes in particle size, polydispersity index (Pdl), and zeta potential (ZP). No
changes were identified in the parameters analyzed during the study time, both for the white
nanoparticles and those loaded with NCE (Figure 24, Table 19). This result suggests the
physical stability of the colloidal systems.
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Figure 24. Stability study of (A) nanoparticle blanks (NPB) and (B) extract-loaded nanoparticles (NPE). Values
of particle size (diameter), zeta potential and polydispersity index (Pdl) according to storage time, 30 days at 4 +
2 °C (mean * standard deviation; n = 3).

Table 19. Values referring to the stability study of (A) blank nanoparticles (NPB) and (B) extract-loaded
nanoparticles (NPE). Values of particle size (diameter), zeta potential (ZP) and polydispersity index (Pdl)
according to storage time, 30 days at 4 + 2 °C (mean + standard deviation; n = 3).

NPB NPE
Day | Diameter (nm) ZP (mV) Pdl (nm) Diameter (nm) ZP (mV) Pdl (nm)
1 68.88+ 1,71 -25.1+1,80 0.13+0.01 76.45+ 2,25 -158+2,61 0.16+0.01
7 68.03 + 2,42 -22.6+£3,43 0.12+0.01 75.80+£2,23 -125+1,06 0.15+0.01
15 67.91+ 2,50 -19.1+0.3 0.12+0.01 78.18 + 3,48 -11.2+1,78 0.18+0.04
30 75.72+2,32 -19.2+0.2 0.21+0.01 81.38 + 7,40 -10.8+1,60 0.20+0.04

4.5 Internalization assay with extract-loaded nanoparticles (NPE) in HCT-116 cells

Through the confocal microscopy images performed on HCT-116 cells at three different
incubation times with the nanoparticles associated with the N. cochenillifera extract (NPE), it

was possible to observe the rhodamine fluorescent marker (red staining) around the nucleus of
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HCT-116 cells from the first incubation time (12 hours) (Figure 25B). As observed in Figures
25C and 25D, the fluorescence did not increase in the other incubation times (24 h and 48 h).
In Figure 25A, it is possible to observe the cell nucleus stained with the marker DAPI (blue
staining) when the cells were subjected to DMEM alone. By observing the images, it is possible
to suggest that NPE can cross the plasma membrane of the cells and concentrate in the cell

cytoplasm.

Figure 25. Confocal images of HCT-116 cells incubated with DMEM (A) and with extract-loaded nanoparticles
(NPE) at different incubation times, after 12 h (B), 24 h (C) and 48 h (D). Rhodamine fluorescent marker (red
staining). DAPI marker (blue staining). Scale bars, 50 pum.
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4.6 Effect of Nopalea cochenillifera extract (NCE) and Extract-loaded nanoparticles
(NPE) on DSS-Induced colitis in mice

The Disease Activity Index (DAI) and Weight/Colonic Length Ratio

The effects of NCE and NPE were evaluated in mice with colitis induced with 3% DSS,
administered orally for 5 consecutive days. On the first day after induction of colitis with DSS,
the observation of parameters for evaluation of the disease activity index (DAI) was recorded
(Figure 26A). The group without colitis showed an irrelevant variation in the parameters
evaluated. In contrast, ingestion of DSS caused a significant increase in DAI (p < 0.05; vs.
control group) in the mice in the DSS group and the groups receiving the treatments. However,
mice with DSS-induced colitis treated with NCE and NPE showed a significant recovery
starting on day 4 and maintained the reduction until day 6 and the last day when compared to
the DSS and NPB group (Figure 26A) (p < 0.05; vs. DSS).

In the macroscopic analysis (Figure 26B), it is possible to notice a shortening in the colon length of the animals in
the DSS and NPB groups compared to the control group. This shortening was lessened in the groups treated with
NCE and NPE (p < 0.05; vs. DSS). The colonic weight/length ratio values were significantly higher in the DSS
and NPB groups than in the NCE and NPE-treated groups (Figure 26C).
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Figure 26. Evaluation of the disease activity index (DAI) (A). Colonic representation (B) and colon length/weight
ratio (C). Groups: Control; Dextran sulfate sodium (DSS); Extract of N. cochenillifera (NCE); Extract-loaded
nanoparticles (NPE) and blank nanoparticles (NPB). Parametric data are expressed as mean + SEM (n = 10).
Statistical differences analyzed by two-way ANOVA followed by Tukey's multiple comparisons test. Different
letters indicate significant differences between groups (p < 0.05).

Effect of NCE and NPE on gene expression of inflammation and oxidative stress markers

The production of inflammation mediators was significantly altered (p < 0.05) in the DSS and
NPB group compared to the control group and treated with NCE and NPE (Figure 26). The
NCE and NPE reduced the mRNA expression in almost all the inflammation markers evaluated
(TNF-a, I1L-1B, IL-6, TLR-4, MIP-2, and MCP-1), as well as the adhesion molecule ICAM-1,
the same result was observed for the marker INOS. However, the analyses performed with the
markers IL-6 in the group treated with NPB did not show statistical significance compared to
the NPE group (Figure 27).
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Figure 27. Effect of N. cochenillifera extract (NC) and Extract-loaded nanoparticles (NPE) on gene expression of
TNF-a, IL-1B, IL-6, TLR-4, MIP-2, MCP-1, ICAM-1 and iNOS, was quantified by real-time PCR. Dextran sulfate
sodium (DSS); blank nanoparticles (NPB). Data are expressed as mean + SEM (n = 8). Statistical differences
analyzed by two-way ANOVA followed by Tukey's multiple comparisons test. Different letters indicate significant
differences between groups (p < 0.05).

Effect of NCE and NPE on intestinal permeability

In the case of markers involved in barrier maintenance and protection of the intestinal mucosa,
the DSS caused a significant negative regulation (down-regulation) (p < 0.05) in the gene
expression of ZO-1, OCLN, and MUC-3. In contrast, the treatment with NCE and NPE
promoted an up-regulation of the gene expression of ZO-1 and MUC-3 significantly when
compared with DSS and NPB groups (p < 0.05; Figure 28). RT-qPCR data indicated that the
NPE treatment showed no increase in OCLN gene expression compared to the DSS and NPB

groups, showing no statistically significant difference (p > 0.05; Figure 28).
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Figure 28. Effect of N. cochenillifera extract (NC) and Extract-loaded nanoparticles (NPE) on gene expression of
the epithelial integrity markers: Zonula occludens-1 (ZO-1), Occludin (OCLN) and Mucin type 3 (MUC-3), was
quantified by real-time PCR. Dextran sulfate sodium (DSS); blank nanoparticles (NPB). Data are expressed as
mean = SEM (n = 8). Statistical differences analyzed by two-way ANOVA followed by Tukey's multiple
comparisons test. Different letters indicate significant differences between groups (*p < 0.05).

NCE and NPE increased intestinal functionality by improving intestinal permeability, which
was investigated using FITC-dextran. The levels of FITC-dextran detected in the plasma of
mice in the DSS groups were significantly higher than those in the control group mice, which
agrees with the DSS-induced alteration of the epithelial barrier function. However, the animals
treated with NCE and NPE significantly reduced the amount of FITC-dextran in plasma (p <
0.05). In this result, despite the difference between the doses of extract administered in each

group, no significant difference was observed between the NCE and NPE groups (Figure 29A).

Microscopically, DSS-induced colitis was characterized by inflammatory infiltration and
ulcerations in the colonic mucosa, and these observations were more present in the DSS and
NPB groups (Figure 29B). The colon damage in the mice in the groups treated with NCE and
NPE was significantly reduced, including improved histological structure through reduced
epithelial disintegration, reduced inflammatory cell infiltration and presence of goblet cells, and
increased mucins (Figure 29B). In this experiment, a microscopic examination of the colon of
the DSS and NPB group revealed compromised tissue architecture, as demonstrated by high

histological damage scores.
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Figure 29. Effect of N. cochenillifera extract (NCE) and Extract-loaded nanoparticles (NPE) on intestinal
permeability in colitic mice. Intestinal permeability measurement by the FITC-dextran assay in vivo (A);
Histological sections of colon in transverse direction and stained with alcian blue (mucins) and hematoxylin/eosin
(B); Scale bars, 100 um. (n = 5). Dextran sulfate sodium (DSS); blank nanoparticles (NPB). The yellow arrow
indicates the presence of goblet cells and increased mucins; black arrows represent areas of epithelial disintegration
and the loss of goblet cells; circles indicate inflammatory infiltration. Data are expressed as mean + SEM.
Statistical differences analyzed by two-way ANOVA followed by Tukey's multiple comparisons test. Different
letters indicate significant differences between groups (p < 0.05).

Effect of NCE and NPE on mucosal explants

The cytokine IL-1p produced by cultures of colon mucosal explants from mice with DSS-
induced colitis was significantly lower in the control and the NCE- and NPE-treated groups
compared to the DSS and NPB groups. In addition, NCE and NPE treatments also showed a
tendency to decrease MIP-2 levels. However, these differences were not statistically significant

compared to the DSS group (p > 0.05; Figure 30).
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Figure 30. Cytokine levels (IL-1p and MIP-2) measured by ELISA in supernatants of colon fragments from mice
from each experimental group incubated for 24 h in DMEM medium. Dextran sulfate sodium (DSS); N.
cochenillifera extract (NCE); Extract-loaded nanoparticles (NPE) and blank nanoparticles (NPB). Data are
expressed as mean + SEM (n = 8). Statistical differences analyzed by two-way ANOVA followed by Tukey's
multiple comparisons test. Different letters indicate significant differences between groups (*p < 0.05).

Effects of N. cochenillifera extract (NCE) on diet-induced metabolic syndrome assay in
mice

Lipid Peroxidation Determination

The thiobarbituric acid reactive substances (TBARS) fluorometric assay is a widely used
technique for detecting the presence of MDA. In this method, MDA reacts with thiobarbituric
acid to produce chromogenic products, which can be measured using a colorimetric plate
reader. In the NCE group, a significant reduction in TBARS was found compared to the HFD

control group, suggesting that daily NCE of 200 mg/kg reduces oxidative stress caused by HFD
(Figure 31).
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Figure 31. Effects of N. cochenillifera extract (NCE) on TBARS production in liver lysates. Standard diet (SD);

High fat diet (HFD). Data are expressed as means = SEM (n = 10). Groups with different letters statistically
different (p < 0.05).
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Body weight, glucose tolerance test and plasma biochemical profile

The HFD-fed group showed a more significant increase in body weight than the group fed a
standard diet, as predicted. However, daily administration of NCE to the HFD-fed mice resulted
in a significant reduction in weight gain starting from day 20 (Figure 32A). However, this
reduction in weight gain was not attributed to a decrease in energy intake, as the energy intake
was similar among the groups that received an HFD (as shown in Figure 32B). Instead, the
treated groups exhibited a lower weight gain-to-energy intake ratio than the HFD-fed mice that
did not receive the treatment. This observation indicates that NCE may reduce feed efficiency

(as indicated in Figure 32C).
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Figure 32. Effects of N. cochenillifera extract (NCE) on: Body weight evolution (A), energy intake (B) and energy
efficiency (C). Standard diet (SD); High fat diet (HFD). Data are expressed as means £ SEM (n = 10). Groups
with different letter statistically different (p < 0.05).

The groups of obese mice exhibited considerably higher peaks of glucose levels compared to
the non-obese groups. However, treatment of obese mice with N. cochenillifera extract showed
a significant decrease in plasma glucose levels compared to the untreated group fed with HFD,
starting from 60 minutes onwards (Figure 33A). This led to a significant reduction in the area

under the curve (AUC), as illustrated in Figure 33B.
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Figure 33. Effects of N. cochenillifera extract (NCE) on: (A) Glucose tolerance test and (B) area under the curve
(AUC). Standard diet (SD); High fat diet (HFD). Data are expressed as means = SEM (n=10). Groups with different
letter statistically different (p < 0.05).

After euthanasia, biochemical measurements were performed in the plasma of the rats. The
results showed that the HFD-fed group had higher fasting plasma glucose levels than the non-
obese mice fed a standard diet (SD). However, administering the NCE extract to obese mice
significantly reduced their plasma glucose levels, as shown in Figure 34A. Additionally, the
HFD-fed mice showed hypercholesterolemia and increased LDL-cholesterol and HDL-
cholesterol levels compared to the non-obese mice fed a standard diet. However, the total
cholesterol levels were significantly decreased in the groups fed the HFD and treated with NCE
(Figure 34B). The administering of the NCE extract to obese mice also resulted in a significant
reduction in plasma LDL levels, as indicated in Figure 34C. There was no significant difference

in HDL levels between the treated and untreated groups fed HFD, as shown in Figure 34D.
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Figure 34. Effects of N. cochenillifera extract (NCE) on plasma of mice subjected to standard diet (SD) or high
fat diet (HFD) after 10 weeks of treatment with NCE (200 mg/kg) or vehicle (Control group) in: Glucose (A);

Cholesterol total (B); LDL (C) and HDL (D). Data are expressed as means + SEM (n=10). Groups with different
letters differ statistically (P< 0.05).

As expected, HFD-fed and untreated mice showed heavier fat deposits (abdominal, epididymal,
and brown fat) than those fed the standard diet and those fed HFD and treated with NCE (Figure
35A-C). In addition, liver weight was increased in the rats in the control group and fed HFD
compared to the rats fed the standard diet. NCE administration resulted in a statistically
significant reduction in liver weight in the HFD-fed animals (Figure 35D). There were no

significant differences in spleen weight between the groups tested (Figure 35E).
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Figure 35. Effects of N. cochenillifera extract (NCE) on plasma of mice subjected to standard diet (SD) or high
fat diet (HFD) after 10 weeks of treatment with NCE (200 mg/kg) or vehicle (Control group) in: Glucose (A);
Cholesterol total (B); LDL (C) and HDL (D). Data are expressed as means + SEM (n=10). Groups with different
letters differ statistically (P< 0.05).

The histological analysis of epididymal fat tissue from the untreated HFD-fed mice showed
evidence of adipocyte hypertrophy compared to the standard diet-fed mice (Figure 36).
However, this hypertrophy was significantly reduced in obese mice that were treated with NCE.
Consequently, there was a decrease in the area and perimeter of the adipocytes, as shown in

Figure 36.
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Figure 36. Effects of N. cochenillifera extract (NCE) administration on epididymal adipose tissue, analyzed by
hematoxylin and eosin staining (scale bar = 100 um) and on area/perimeter of epididymal adipocytes. Standard
diet (SD); High fat diet (HFD). Data are expressed as means = SEM (n = 10). Groups with different letters differ
statistically (p < 0.05).

Effects of N. cochenillifera on gene expression markers

The mRNA levels of common hepatic inflammatory markers such as TNF-a were investigated
and showed a significant reduction in their expression after NCE administration (Figure 37A).
Conversely, the administration of NCE increased the expression of AMPK and GLUT-4 in the
liver, as depicted in Figures 37B and 37C.

Leptin-R expression was decreased in the liver of HFD-fed mice. However, NCE treatment
suggests an increase in the expression of this marker (Figure 37D). In addition, the HFD-fed
and untreated group showed a significant decrease in PPARa expression in liver samples

compared with other groups (Figure 37E). In contrast, the group fed HFD and treated with NCE
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showed similar results to mice fed the standard diet. On the other hand, PPAR-y gene expression

was not significantly altered between all groups. (Figure 37F).
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Figure 37. Effect of N. cochenillifera extract (NC) on gene expression in liver tissue. TNF-a, AMPK, GLUT-4,
Leptin-R, PPAR-o and PPAR-y, was quantified by real-time PCR. Standard diet (SD); High fat diet (HFD). Data
are expressed as mean + SEM (n = 8). Statistical differences analyzed by two-way ANOVA followed by Tukey's
multiple comparisons test. Different letters indicate significant differences between groups (*p < 0.05).

In mice fed a high-fat diet, the function of the intestinal epithelial barrier is compromised,
leading to a decrease in the expression of various proteins associated with intestinal integrity,
such as ZO-1, MUC-1, and MUC-3, as compared to mice fed a normal diet. This finding is
consistent with the results of our current study. However, administration of NCE to mice fed a
high-fat diet resulted in an up-regulation of ZO-1 and MUC-3 markers (as shown in Figures
38A and 38C). Notably, no statistically significant difference in MUC-1 gene expression was

observed between the experimental groups in this study (Figure 38B).
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Figure 38. Effect of N. cochenillifera extract (NCE) on gene expression in colonic tissue. zonula occludens (ZO-
1) and Mucins (MUC-1 and MUC-3) was quantified by real-time PCR. Standard diet (SD); High fat diet (HFD).
Data are expressed as mean = SEM (n = 8). Statistical differences analyzed by two-way ANOVA followed by
Tukey's multiple comparisons test. Different letters indicate significant differences between groups (*p < 0.05).

Effects of N. cochenillifera on protein expression in liver

Figures 39 and 40 showed the levels of PI3K and AMPK markers in the liver of mice fed with
either a high-fat diet (HFD) or a standard diet, as analyzed by Western blot. The liver of mice
on HFD displayed a decrease in the expression of PI3K and AMPK compared to those on the
standard diet groups. However, upon administration of NCE to the HFD-fed mice, an increase
in the expression of these proteins was observed in the liver. The findings are presented as the

density ratio relative to B-actin.
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Figure 39. Effects of N cochenillifera extract (NCE) administration on: AMPK gene expression and
pAMPK/AMPK ratio evaluated by Western blot. Standard diet (SD); High fat diet (HFD). Data are expressed as
means = SEM (n = 6). Groups with different letters statistically differ (p < 0.05).
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Figure 40. Effects of N cochenillifera extract (NCE) administration on: PI3K gene expression and pPI3K/PI3K
ratio evaluated by Western blot. Standard diet (SD); High fat diet (HFD). Data are expressed as means + SEM (n =
6). Groups with different letters statistically differ (p < 0.05).
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PART I

The physicochemical and phytochemical characterization of Nopalea cochenillifera extract

identifies the presence of beneficial compounds to intestinal health

The physicochemical characterization of the N. cochenillifera extract (NCE) demonstrated a
substantial proportion of crude fiber and a considerable content of carbohydrates. These
outcomes are consistent with a prior investigation conducted by Silva et al. (224). In addition,
Lima et al. (225) also revealed that NCE harvested in Paraiba, Brazil, had a high total

carbohydrate content (66.80% of fresh raw material).

The determination of phytochemical content in a raw material (dry extract) is an essential
quality parameter to ensure the reproducibility of therapeutic effects (226). Gallic acid and
quercetin equivalent (mg) per gram of dry extract were used to express TPC and TFC in NCE,
with an average value of 67.85 mg GAE/g and 46.16 mg QE/g of dry extract obtained from
NCE cladodes. These values exceeded those previously reported by Alves et al. (2017) (194),
who assessed TPC and TFC in ethanolic extracts of Opuntia and Nopalea, obtaining 5.41 mg
GAE/g and 2.7 mg QE/g, respectively, from samples collected from different cultivars during
the rainy season. Fabela-lllescas et al. (15) found a content of 6.47 mg of polyphenols
equivalent/g of gallic acid and 2.08 mg of rutin equivalent/g of flavonoid in N. cochenillifera
cladode flour. In this last study, the low value of TFC can be explained because the authors

analyze the flour instead an extract.

Differences in phenolic and flavonoid content observed in studies may be related to
environmental factors such as light, water stress, rainy season, salinity, low temperatures, and
nutrient deficiency, which can affect plant metabolism, leading to changes in secondary
metabolic processes and concentrations of secondary metabolites (227). The extraction method
and solvent used are also important, as they can be selective in extracting certain metabolites
(228). TPC and TFC per gram of N. cochenillifera hydroethanolic extract represent a quality
control parameter that may be associated with the preclinical pharmacological effect found in

this study, thereby ensuring consistency and reproducibility of the raw material (229).

The phytochemical profile of NCE was characterized through HPLC-ESI-MS" analysis. By
dereplicating negative and positive HPLC-ESI-MS" data and by comparison of data with GNPS
public libraries, literature information, and fragmentation pattern study (MS? and MS3
experiments), we could characterize 25 metabolites present in NCE. Partial results corroborate

with Fabella-Illescas et al. (15), who identified and quantified the first-time phenolic
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compounds such as acid gallic, acid ferulic, acid chlorogenic, acid p-coumaric, acid siring, and
acid neo-chlorogenic in samples of N. cochenillifera cladodes flour through HPLC. However,
to our knowledge, this is the first dereplication study and description of isoflavones for this
species. The presence of isoflavones is almost entirely restricted to the Fabaceae subfamily of

the Leguminosae family, but they are also occasionally found in some other families (230).

It is possible to associate the anti-colitis effect observed in preclinical studies with the
phytochemical content found in NCE. To strengthen our findings, clinical studies about
flavonoid supplementation in patients with IBD have demonstrated a positive correlation in

maintaining remissive disease status (109,110).
Nopalea cochenillifera extract did not produce toxic effects in rats after acute treatment

Changes in the weights of organs are sensitive indicators of toxicity and physiological
disruptions in studies on toxicity (231,232). In the same way, evaluating hematological
parameters is a common approach for assessing the potential toxicity of drug compounds and
botanical extracts (233). Hematopoietic system changes are more predictive of human toxicity
when data is extrapolated from animal investigations (234). Additionally, alterations in platelet
counts can signal hemostatic imbalances and suggest the possibility of thromboembolic

complications (235).

In the acute toxicity assay, administration of NCE at a single dose of 2000 mg/kg did not impact
spontaneous locomotor activity or behavioral parameters, as evidenced by no alterations in total
distance traveled, lifting, and grooming. Additionally, there were no observed changes in motor
coordination, as indicated by consistent performance on the rotarod test across all evaluated
days. Although there was an increase in the number of defecations in the group of animals
treated with NCE, this parameter was not considered indicative of anxiety, as it did not correlate

with the other behavioral parameters analyzed.

The acute in vivo toxicity study was the first report for this species, and it is considered
important safety data for further studies. The NCE can be considered of low acute toxicity
according to the class method recommended by OECD 423 (OECD, 2001) (30) and fits in Type
5 (substance with LD50 higher than 2000 mg/kg and less than 5000 mg/kg) because there were
no signs of general toxicity such as changes in water and feed consumption, body weight,
hematological and biochemical parameters. There were no behavioral changes and no deaths
observed during the whole experimental period. Furthermore, the extract did not cause

morphological changes in the organs investigated microscopically.
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Nopalea cochenillifera extract attenuates intestinal inflammation by DNBS in rats

Following the preclinical safety assessments, this study proceeded to investigate the anti-
inflammatory effect of N. cochenillifera extract, as this species is a good raw material source
of fibers, polysaccharides, and polyphenols (15). These compounds possess anti-inflammatory
and antioxidant properties that could explain their ability to attenuate intestinal inflammation,
as demonstrated in preclinical and clinical studies (236,237). Therefore, we decided to
investigate the anti-colitis effect of NCE in this study. Of note, this is the first report linking N.

cochenillifera to inflammatory bowel diseases.

The induction of intestinal inflammation through the in vivo model of DNBS causes acute
inflammation in the colon that replicates clinical features and an inflammatory response similar
to Crohn’s disease in humans. This leads to symptoms such as weight loss, diarrhea, and bloody
stool, which serve as parameters used to assess the disease activity index (DAI) in animals
(238). Administration of sulfasalazine and NCE resulted in significantly lower DAI and reduced
weight loss on all days following colitis induction. The colitis groups exhibited a substantial
loss in body weight, indicating the progression of severe colitis, but the treatments alleviated
this weight loss. Furthermore, the NCE exhibited a reduction in the ratio of colonic weight (mg)
to length (cm), which indirectly indicates edema and inflammation. This reduction was
accompanied by a decrease in macroscopic damage, highlighting the beneficial effect of NCE

treatment.

IBD is are characterized by the hyperactivation of the intestinal immune system, resulting in
chronic inflammation and the release of inflammatory cytokines that exacerbate tissue damage.
A histopathological hallmark of IBD is the infiltration of immune cells, particularly neutrophils,
into the affected area. These immune cells are recruited to the intestinal mucosa and contribute
to the inflammatory response by producing inflammatory cytokines and reactive oxygen species
(ROS). In addition, the enzyme MPO is secreted by both neutrophils and monocytes, further
contributing to the inflammatory process (239). Markers of oxidative damage, such as MPO,
are elevated in the mucosa of patients with IBD, and their reduction indicates a decrease in
inflammation of the damaged tissue. The present study demonstrated that animals treated with
NCE exhibited a significant decrease in MPO activity, which supports the histological analyses

that revealed a reduction in the infiltration of inflammatory cells.

In preclinical experimental models and IBD in humans, the intestinal inflammatory process,

which leads to the induction of oxidative stress, has been associated with a significant increase
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in MDA in intestinal tissue. The MDA is a byproduct of lipid peroxidation that activates pro-
inflammatory cytokines and contributes to the inflammatory response (240). The ability of NCE
to improve intestinal inflammation induced by DNBS may be attributed to its antioxidant
properties, which can be largely attributed to the presence of phenolic compounds. Some
research has shown that phenolic compounds, such as those found in NCE, can scavenge

radicals and act as antioxidants (99).

IBD is characterized by an upregulation of inflammatory mediators that contribute to the
initiation and persistence of inflammation in the gastrointestinal tract. These mediators include
pro-inflammatory cytokines like IL-1p, IL-6, and IL-17, as well as TNF-a, prostaglandins, and
nitric oxide (NO) (82). Thus, polyphenolic compounds have been shown to possess anti-
inflammatory properties due to their ability to downregulate the expression of pro-inflammatory
molecules, particularly IL-1p, IL-6, TNF-a, and COX-2. These molecules are known to play a
significant role in the pathogenesis of IBD, and their suppression by polyphenols may
contribute to the beneficial effects observed in treating this condition (241). Furthermore, NCE
was observed to increase the levels of IL-10, an anti-inflammatory cytokine that is often used
as a marker for the evolution of intestinal inflammation. In IBD, IL-10 levels typically increase
only at the time of disease evolution, and the ability of NCE to promote IL-10 production
suggests a potential mechanism for its anti-inflammatory effects in the context of DNBS-
induced colitis (242,243). However, an increase in IL-10 was observed in the groups treated
with the 200 and 300 mg/kg doses of NCE shortly after the period of disease activation by
DNBS (3 days).

The beneficial effects of NCE in experimental models of DNBS-induced colitis also may be
attributed to its ability to modulate the NF-kB p65/MAPK signaling pathway, which plays a
crucial role in regulating inflammatory gene expression. NF-kB p65 is a key transcription factor
in macrophages and is responsible for inducing the expression of various inflammatory genes,
including IL-1B, TNF-a, and COX-2, the activation of the NF-kB signaling pathway by DNBS
leads to increased expression of these pro-inflammatory cytokines, exacerbating intestinal
inflammation (244). In addition, activating inflammatory cytokines such as IL-1p and TNF-a
can stimulate the MAPK signaling pathway, including ERK1/2, p38 MAPK, and JNK. These
pathways are closely linked with IBD, and their dysregulation can contribute to the progression
of intestinal inflammation (245,246). Therefore, by modulating the NF-xB and MAPK

pathways, NCE may effectively alleviate inflammation in DNBS-induced colitis.
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The observed decrease in colonic levels of pro-inflammatory cytokines (IL-18 and TNF-a) in
this study may be attributed to the presence of phenolic compounds, including those derived
from kaempferol, quercetin, and ferulic acid, identified in NCE. These compounds can
potentially inhibit the activation of the p65 NF-kB pathway, thus mitigating inflammation in
DNBS-induced colitis (247-249). Gallic acid was shown to increase IkB in human gastric
carcinoma cells, inhibiting NF-«xB activity and the pro-inflammatory cascade (250). In another
study involving experimental colitis by DSS-induced in mice, isoflavones were found to
promote the inhibition of NF-kB in colon tissues (251). Thus, we can hypothesize that the
bioactive compounds in NCEs may act synergistically on the same pathway. In this study, a
downregulation in both gene and protein expression of NF-kB was observed in the SSZ and

NCE groups.

The DNBS-induced colitis model in rodents disrupts the integrity and function of intestinal
cells, leading to the breakdown of tight epithelial junctions and imbalances in paracellular
permeability. Specifically, the untreated DNBS group exhibited lower gene expression of
intestinal epithelial barrier markers (MUC-2 and ZO-1), while SSZ and NCE increased the
expression of these markers. MUC-2 is essential for protecting the intestinal mucosa, and its
dysfunction or reduced expression is associated with IBD pathogenesis, as it impairs protection
against pathogenic bacterial invasion and colonization (252). ZO-1 is part of a subgroup of
proteins that make up the tight junctions of the intestinal epithelium. The increase in its
expression is an important factor in reducing the intestinal inflammatory process in IBD (253).
A study using a human colorectal adenocarcinoma cell line indicated that polyphenols could
modulate the expression of MUC-2 and ZO-1, which can help protect the epithelial barrier

function of cells exposed to chemical agents (254).

Our studies have reinforced the hypothesis about the benefits of NCE in intestinal inflammation,
demonstrating its effects in rats with DNBS-induced inflammation, especially at doses of 200
and 300 mg/kg. Phenolic compounds, such as those present in NCE, are known to have many
positive effects on human health but also have limitations and challenges. They are easily
degraded during storage or processing due to auto-oxidation, epimerization, hydrolysis, and
crystallization (115). Additionally, they may undergo metabolic changes during digestion. This
research aimed to develop a nanoparticle system loaded with N. cochenillifera extract to achieve
a more specific delivery of active compounds to the colonic tissue, increase therapeutic

efficacy, improve bioavailability and stability, and reduce the bioactive dose. The free and



V. Discussion

nanoparticle-loaded extract also was evaluated in another in vivo model of DSS-induced

inflammation.

Nanoparticles loaded with N. cochenillifera extract showed high encapsulation efficiency and

stability for 30 days.

The nanoparticles showed a mean particle size of 76.45 nm and a negative zeta potential. Nano-
sized particles can contribute to increasing the absorption and retention of metabolites of
interest load-nanoparticles since they are more easily absorbed by immune system cells present
in active inflammation. Lamprecht et al. and Sharma et al. (255,256), developed lipid
nanoparticles containing curcumin (size less than 200 nm) and evaluated the in vivo absorption
of the drug-free and incorporated into the nanoparticles by the gastrointestinal tract after oral
administration, and were able to observe that the concentration of curcumin in the inflamed

tissues of the colon was higher when carried by nanosystems.

The zeta potential consists of the difference between the electric potential at the shear surface
of the colloid particle and the electric potential of the dispersant, which can be determined by
evaluating the velocity of the charged species moving toward the electrode in the presence of
an external electric field (257,258). For this analysis, the values were -25.1 £ 1.80 and -15.8 £
2.61 for NPB and NPE, respectively. The difference in the surface charges of these particles
can be explained by the high presence of phenolic acids in NCE. In addition, studies have shown
that the expression of transferrin is increased in the membrane of colonocytes in IBD patients
and colitis-induced rats (259). This overexpression of transferrin can lead to an accumulation
of positively charged ions, such as iron, on the surface of the intestinal epithelium (260-262).
This, in turn, may favor the formation of electrostatic interactions between this protein and

nanoparticles with negative ZP, increasing the retention of NPE in the inflamed colon tissues.

The data show an entrapment efficiency (EE) close to 100% (99.15 £ 0.3%), which can be
explained by the intermolecular interactions between the phenolic compounds present in the
extract and the EUDRAGIT S100 (EUD S100) polymer. Phenolic compounds can form several
types of interactions with the polymer via non-covalent forces, such as hydrogen bonding,
electrostatic interactions, hydrophobic interactions, or n—x stacking. Multiple interactions can
occur in forming the same nanosystem, especially in self-assembly techniques such as
nanoprecipitation, used in developing NPE (11,263). EUD S100 has carbonyls (-C=0) and
hydroxyls (-OH) that favor the formation of hydrogen bonds with phenolic compounds, such

as ferulic acid, rutin, vanillic acid and other abundant flavonoids in NCE that have hydrogen
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donor and acceptor groups, in addition to hydrophobic interactions between the methyl groups
(-CHs) present in their polymer chain and the carbon chains of these metabolites (264). Previous
studies reported high encapsulation of phenolics compounds in polymeric nanoparticles. For
example, Sulfikkarali et al. (265) incorporated the compound naringenin into Eudragit E
nanoparticles and obtained almost 90% EE (265). In another study, Alves et al. (34) prepared
Eudragit EPO nanoparticles containing Passiflora edulis f. flavicarpa extract and used
isoorientin as a phytochemical marker for quantification, obtaining 100% EE. These results
corroborate with our findings and demonstrate the influence of intermolecular interactions of

the used polymer with the metabolites of NCE.

The identification of some functional groups present in the chemical structure of N.
cochenillifera was performed by FTIR spectroscopy, which provides a "chemical fingerprint"
of the compounds present in the molecule by means of the frequency of absorption of the bond
present in the functional groups. It was observed that the behaviors in the spectra were also
similar to those found in other related investigations (266-270). The broad absorption band at
around 3330 cm? is attributed to OH stretching relative to alcohol and carboxylic acid
commonly involved in intermolecular OH bonding and corroborates with the analyses
performed by Ferreira et al. (267) and Rodriguez-Gonzalez et al. (269) in mucilage from
Nopalea and Opuntia species, respectively. This band may also indicate the presence of OH
groups, characteristic of phenolic acids, flavonoids, and other phenolic derivatives (34). At
2920 cm', a discrete band was observed associated with the vibrations of -CH and -CH groups
(268,269). Next, a band was seen at 1625 cm?, followed by another at 1440 cm™ corresponding
to the carboxylic ion (group COO-) (269). The most intense signal at 1044 cm™ é indicative of

the presence of polysaccharides and corresponds to the CC and CO vibrations.

In the spectrum of the nanoparticle system loaded with the extract (NPE), the signals from the
extract practically disappear, leaving only the signals related to the polymer Eudragit S100.
However, the broadening of a band at 1440 cm™ in the NPE spectrum and not identified in the
NPB may indicate some interaction between Eudragit S100 and the polysaccharides present in
the extract. Furthermore, the NCE concentration is lower than the other components, so its
characteristic bands appear less intensely in NPE. Furthermore, the subtly appearance of NCE
in the NPE spectrum indicates its incorporation into nanoparticles, corroborating the findings

in the EE evaluation.
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About the stability study, two main mechanisms can explain the physical stability demonstrated
by nanoparticles in colloidal suspensions in aqueous media: 1) electrostatic repulsion, where the
classical DLVO (Derjaguin—Landau—Verwey—Overbeek) theory is applied, and ZP is a
parameter used to predict suspension stability. The higher the ZP, the more stable the
suspension is; I1) steric stabilization, which occurs through non-ionic amphiphilic stabilizers
that provide a solvation effect (271). In this study, the physical stability of the nanoparticles
over the storage period can be explained by the steric stabilization promoted by the stabilizer
used in the preparation of the formulations, poloxamer 407, which is a triblock copolymer,
amphiphilic and non-ionic (272) and, at the concentration used, was able to prevent the

aggregation of nanoparticles (35).

NPs are gaining increasing attention for potential application in inflammatory bowel diseases;
consequently, studying their interaction with intestinal mucosal cells is important (12,273). A
study using Eudragit S100 and chitosan-based nanoparticles as drug carriers for the treatment
of colorectal cancer via oral administration found that the nanoparticulate system showed
cellular internalization and an efficacy of 8 to 10% after 48 hours of treatment in the HCT 116
cell line, signifying an even distribution of the drug within the cells (274). In addition, a uniform
distribution of NPB within the cells was observed, indicating excellent cell uptake for the strain
tested (275).

Nopalea cochenillifera extract (NC) and Extract-loaded nanoparticles (NPE) attenuates

intestinal inflammation by DSS in mice

The DSS-induced colitis model is widely used for IBD research because of its fast,
straightforward, and reproducible nature. DSS facilitates the entry of bacteria and antigens into
the mucosa, leading to local inflammation. This model is well-suited for investigating events
resulting from temporary mucosal homeostasis failure and provides valuable insights into the
mechanisms driving intestinal inflammation and mucosal recovery after the initial injury (276),
At the same time, DNBS acts as a hapten by binding to autologous or microbial proteins in the

colon, making them immunogenic (277).

As well as in the induction of intestinal inflammation by DNBS, parameters such as weight loss
and excretion of diarrhea and bloody stools are indicators of the severity of intestinal
inflammation caused by DSS-induced colitis (276). Our results indicated an overall
improvement in DSS-induced adverse effects in the group treated with NCE and NPE. The dose

of the extract administered in this trial was 200 mg/kg (The best dose effect presented in the
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trial with DNBS was considered). In the case of NPE, the dose of extract administered was 50x
lower; considering the concentration of extract incorporated into the nanoparticulate system,
the animals in this group received a dose of 4 mg/kg. No significant differences were observed
between NCE and NPE in evaluating DAI and colon weight/length ratio.

Studies conducted with EUD S100 nanoparticles as carriers of actives for treating intestinal
inflammation in preclinical models showed marked improvements over drugs administered in
free form (278,279). Gugulothu et al. (279) developed EUD S100 nanoparticles loaded with
celecoxib and curcumin and evaluated their efficacy in mice with TNBS-induced ulcerative
colitis. Nanoparticles loaded proved more effective than celecoxib or curcumin alone, as they
achieved effects similar to the conventional dose at a 50% lower concentration. In another
study, Beloqui et al. (280) developed nanoparticles of PLGA/EUD S100 loaded curcumin for
the treatment of inflammatory bowel diseases, evaluated the curcumin release profile at
different pH, and were able to observe that the molecule was released more (90%) at pH 7.2
which is in line with the pH of the colon. EUD S100 promoted colon-specific drug delivery,

and the accumulation of curcumin in the colon was confirmed by in vivo studies.

These results indicate that with a dose 50x lower, the NPE promotes a treatment efficacy equal
to the NCE. Incorporating the nanoparticles makes it possible to reduce the administered dose
and maintain the desired therapeutic effect. Such success may have been obtained by the
internalization of NPs inside the cells (281), by the accumulation of NPs in the colon by
electrostatic interactions with abundant proteins in the inflamed tissue (282) and by the colon-
specific delivery promoted by the pH-sensitive polymer EUD S100 (283). The data prove the

relevance of incorporating the extract into EUD S100 nanoparticles.

Based on our findings, NCE and NPE have been found to promote intestinal barrier integrity in
mice with DSS-induced colitis. Furthermore, histopathological analyses suggest that therapy
with NCE extract in both free and nanoparticulate form may accelerate recovery after DSS
exposure. To support this hypothesis, we observed that colon tissue samples from mice treated
with NCE and NPE showed a significant increase in the relative mRNA expression levels of
intestinal epithelial integrity regulators (ZO-1, OCCLUDIN, and MUC-3). Overall, NCE was
found to regulate the expression of these genes, maintaining them at levels similar to those of

the control group, effectively alleviating the barrier disruption caused by DSS.

NCE and NPE also reduce inflammatory and oxidative responses in colitic mice. As well as

DNBS, the DSS is toxic to intestinal epithelial cells, leading to an acute inflammatory response.
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The damage caused to the intestinal epithelium leads to increased mucosal permeability and,
consequently, the entry of microorganisms and their derivatives into the intestinal mucosa. Thus
microorganisms and their derivatives can penetrate through the loosened tight epithelial
junctions, activating intestinal macrophages, which secrete inflammatory cytokines,
including TNF-o, IL-1p, and IL-6 (284,285). Chemokines act in recruiting other immune cells,
such as dendritic cells, T cells, B cells, and neutrophils that aggravate colon inflammation (286).
The presence of MCP-1 is thought to be responsible for invading monocytes and
polymorphonuclears into inflamed tissue (287). MIP-2 also mediates neutrophil recruitment to

sites of injury or infection and modulates immune and inflammatory responses (288).

MIP-2 synthesis is also regulated at the transcriptional level by signaling through the Toll-like
receptors (TLRs) in response to various pathogens (289). The decreased expression of TLR-
4 in our findings corroborates with the decreased expression of MIP-2 and the observation of
increased intestinal mucosal integrity in the NCE and NPE-treated groups. Consequently, lower
expression of intercellular adhesion molecules is visualized since positive regulation of ICAM-
1in IBD may lead to increased adhesion and retention of polymorphonuclear cells on the apical
intestinal epithelial cell (290).

These results corroborate with the DNBS inflammatory induction assay, in which NCE also
decreased the expression of inflammatory cytokines such as IL-1p and TNF-o and showed
protective effects on the gastrointestinal mucosa in experimental models of DSS-induced
intestinal inflammation. This research provides a better understanding and elucidation of the
molecular mechanisms of action of N. cochenillifera extract in a free and nanoparticle-
associated form on intestinal inflammation. Furthermore, it may encourage further research on

applying nanoformulation to provide therapeutic actives compounds for treating IBD.
PART Il

N. cochenillifera extract reduces body weight and improves the lipid profile of mice subjected
to a high fat diet

N. cochenillifera has been traditionally used to treat dyslipidemia and hyperglycemia, among
other conditions (22,23). However, few studies support its efficacy and investigate the possible
mechanisms involved. According to the results obtained in this study, NCE has been found to
be effective in reducing body weight in an experimental model of metabolic syndrome induced
by the consumption of a high-fat diet in mice, with a significant reduction observed from the

20th day of treatment onwards.
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This effect was confirmed by analyzing the weight of the fat deposits at the end of the
experimental period. The treatment with NCE significantly reduced epididymal fat, abdominal
fat, and brown fat. The weight reduction effect observed in the HFD-fed group treated with
NCE was also demonstrated by histological analysis of the epididymal fat of mice. Adipocytes
of mice HFD-fed treated with NCE were significantly smaller than those of the untreated HFD
group. These results suggest a positive effect of NCE on reducing fat deposits, as a decrease in
adipocyte size is equivalent to a reduction in lipid accumulation. The treatment with NC extract
also significantly reduced the plasma levels of total cholesterol and LDL cholesterol in HFD-
fed mice that received treatment. This effect supports that NC is an alternative therapy in several
countries to reduce cholesterol levels (22,23). No statistically significant difference was

observed in HDL levels between the control and NCE-treated groups.

The weight reduction by NCE treatment confirms what was observed in the studies of Fabela-
Illescas et al. (22). This effect may be due to the high content of phenolic compounds present
in NCE. Several studies conducted with phenolic-rich extracts have shown to reduce weight

and fat accumulation in a rat model of high-fat diet-induced obesity (291-293).

Additionally, NCE has demonstrated a significant effect in reducing liver weight in obese mice.
Non-alcoholic fatty liver disease occurs when excess fat is stored in the liver, and this pathology
is strongly related to metabolic syndrome (294). Thus, it would be expected that the obese group
would have a heavier liver due to the accumulation of excess fat in the liver, which is exactly
what was observed. In contrast, the group fed HFD and treated with NCE showed similar
median liver weight to healthy animals. Thus, NCE could be involved in improving the non-
alcoholic fatty liver condition associated with metabolic syndrome. However, further studies

would be needed to evaluate this effect.

The reduction in body weight caused by NCE not only seems to be related to an effect at the
level of reducing fat deposition in tissues, but it may also be triggering this effect by increasing
the expression of the leptin receptor (a hormone involved in satiety). The peptide hormone
leptin regulates food intake and body weight, as well as being involved in lipolysis. Leptin is
synthesized and secreted by white adipose tissue cells and acts on target cells by binding to its
receptor (Leptin-R). Leptin resistance is characterized by a reduction in satiety, so excessive
food intake tends to occur, leading to an increase in body weight. Leptin resistance is also
caused by a decrease in leptin receptor expression (155); therefore, by increasing leptin receptor
expression, NCE could be exerting a sensitizing effect in relation to this hormone, triggering a

greater sense of satiety and therefore, less food intake, thus reducing body weight. It would be
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interesting to elucidate whether NCE achieves its weight-reducing effects by influencing lipid
metabolism (increasing lipid catabolism) or reducing food intake (stimulating satiety), or

whether it exerts its effect using both mechanisms.

According to the results obtained in this study, the last option seems to be the most favorable,
so NCE exerts its body weight reduction effect through both mechanisms. This option is
supported by the significant increase in leptin R expression when HFD-fed mice are treated
with NCE and, simultaneously, by the increase in peroxisome proliferator-activated receptor
alpha (PPARa) expression in this same group. PPARa is a nuclear receptor expressed in tissues
with the high oxidative activity that plays a central role in regulating glycolipid metabolism
(295). PPARYy is highly expressed in adipose tissue, where it accelerates the uptake of fatty
acids into adipocytes and increases insulin sensitivity, thereby reducing the flow of fatty acids
to the liver (296). However, no significant differences in the expression of this marker were

observed in the liver samples of the analyzed groups.
N. cochenillifera extract reduces glycemic levels and insulin resistance

Based on the results obtained in this study, treatment with NCE improves the glucose profile of
HFD-fed mice, as reflected in the significant reduction in fasting plasma glucose levels.
Regarding insulin resistance, NCE improves this pathology, as demonstrated by the glucose
tolerance test. It was found that NCE significantly reduced plasma glucose levels compared to
the HFD control group from 60 minutes, resulting in a significant reduction in the area under
the curve (AUC). The improvement of insulin resistance and glycemic profile by NCE observed
in this study is in line with previous studies suggesting that this plant has activity in controlling
diabetes (22,23). This also confirms what was observed in a pre-clinical study conducted by

Maganfa-Cerino et al. (21).

Insulin physiological signaling occurs after insulin binds to its receptor, a ligand-activated
tyrosine kinase. This binding results in the tyrosine phosphorylation of various substrates and
the activation of two parallel pathways: the PI3K-AKT and the MAPK pathways. In insulin
resistance, the PI3K-AKT pathway is affected, while the MAPK pathway is not. This leads to
an imbalance between the two parallel pathways. Inhibiting the PISBK-AKT pathway reduces
endothelial NO production, resulting in endothelial dysfunction and a decrease in GLUT-4
translocation, leading to a decrease in glucose uptake by skeletal muscle and fat. In contrast,
the MAPK pathway is not affected, and it continues to produce endothelin 1, express vascular

cell adhesion molecules, and stimulate mitogenic activity in vascular smooth muscle cells.
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Consequently, insulin resistance leads to vascular abnormalities predisposing individuals to

atherosclerosis (113).

The effect of NCE against insulin resistance, according to the results obtained, is mediated by
the modulation of the expression of the proteins pI3K and AMPK in their active
(phosphorylated) forms. In this sense, the expression of p-PI13K in HFD-fed mice was reduced
but showed recovery in the group treated with NCE. Additionally, treatment with NCE induced
a significant recovery in the gene expression of GLUT-4. The AMPK gene and protein
expression increase was also observed in the liver samples of mice HDF-fed and treated with
NCE. The activation of AMPK increases the activation of IRS-1 mediated by S6K and the

phosphorylation of Akt, thus increasing sensitivity to insulin signaling (297).
N. cochenillifera extract can promote improved intestinal permeability

The dysbiosis associated with obesity leads to increased damage to enterocytes and, therefore,
intestinal permeability increases. The intestinal mucus, in turn, is composed of highly
glycosylated proteins released by intestinal goblet cells, which also belong to the epithelial
barrier (298). Previous studies have observed a decrease in the thickness of the intestinal mucus
in mice fed a high-fat diet (299), which may favor bacterial translocation or the passage of
bacterial substances responsible for endotoxemia observed in patients with metabolic syndrome

and which leads to a situation of subclinical chronic inflammation (300).

According to the results obtained in this study, treatment with NCE appears to restore levels of
intestinal mucus in obese mice treated, as observed through the increased gene expression of
MUC-3 in colon samples of the group treated with NCE, as well as demonstrated more
significant expression of one of the tight junction proteins ZO-1, suggesting an improvement in
intestinal mucosal integrity. In this way, we could conclude that NCE exerts a protective effect
against intestinal permeability associated with obesity. Furthermore, this intestinal protective
effect of NC is consistent with previous studies that suggest that this plant has gastroprotective
activity (22-24).

N. cochenillifera extract can reduce oxidative stress in liver tissue

Many studies have revealed that a high-fat diet causes oxidative stress in most experimental
models and patients with clinical conditions. To determine a possible antioxidant effect of NCE,
liver samples were collected, and TBARS levels were evaluated. TBARS are produced during

oxidative stress, which is induced by lipid peroxidation. MDA is the best-known specific
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TBARS and is considered a promising biomarker of oxidative damage caused by free radicals
in the process of oxidative stress (181). The TBARS assay confirmed the in vivo antioxidant
effect of the NCE. Thus, the administration of NCE in obese mice significantly reduced TBARS
values, meaning that NCE restored the antioxidant status in treated obese animals. Due to the
richness of NCE in antioxidant compounds (phenolic and flavonoid compounds), it makes sense
to think that its antioxidant effects are due to these compounds.



CONCLUSION



Conclusion

In the analysis of N. cochenillifera extract by HPLC-ESI-MS, it was possible to determine the
chromatographic profile of the hydroethanolic extract obtained from the cladodes of the
species Nopalea cochenillifera, 25 compounds were characterized, being predominant the
presence of phenolics. The content of total phenols and flavonoids in the extract was 67.85%
and 46.16%, respectively.

Regarding the effects of NCE in the DNBS model of intestinal inflammation and of NCE and
NPE in the DSS model, it was observed that both showed preventive and anti-inflammatory
effects through the reduction of disease activity index score and macroscopic and microscopic
damage in the colon. Furthermore, through molecular analyses, it was possible to observe that
NCE and NPE decreased levels of inflammatory and oxidative mediators and promoted
negative regulation of the expression of genes in important inflammatory and oxidative
pathways. In addition, NCE and NPE contributed to improving epithelial integrity, as
evidenced by barrier marker analyses and histological techniques. The free and nanoparticle-
associated extract presented similar results. However, the dose of NCE administered by NPE

was 50x lower in the DSS induction assay.

In the diet-induced metabolic syndrome assays, NCE showed an improvement in the
metabolic profile of obese mice, as well as a significant reduction in body weight gain.
Furthermore, these effects were associated with an improvement in systemic inflammatory
status. Different mechanisms seem to be involved, highlighting the possible
immunomodulatory effects of phenolics, as these compounds can have beneficial effects in
regulating genes involved in metabolic, inflammatory, and oxidative stress processes.

However, further studies are needed to fully understand the underlying mechanisms.

The preclinical results indicate that free NCE or incorporated into nanoparticles is beneficial
in preventing induced colitis and metabolic syndrome. Therefore, the results of this study
support future investigations into the therapeutic potential of N. cochenillifera extract in
treating the intestinal inflammation and metabolic syndrome and can be seen as a promising
bioactive ingredient for the development of an herbal medicine or functional supplement

innovative useful in the complementary treatment of these diseases.
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Figure S1. CID-MS" mass spectra in negative ion mode for compound 1: (A) CID-MS? spectrum of the precursor
ion at m/z 377; (B) CID-MS® mass spectrum of the product ion at m/z 341.
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Figure S2. CID-MS" mass spectra in negative ion mode for compound 2: (A) CID-MS? spectrum of the precursor
ion at m/z 195; (B) CID-MS® mass spectrum of the product ion at m/z 129.
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Figure S3. CID-MS" mass spectra in negative ion mode for compound 3: (A) CID-MS? spectrum of the precursor
ion at m/z 539; (B) CID-MS® mass spectrum of the product ion at m/z 503.
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Figure S4. CID-MS" mass spectra in negative ion mode for compound 4: (A) CID-MS? spectrum of the precursor
ion at m/z 377; (B) CID-MS® mass spectrum of the product ion at m/z 341.
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Figure S5. CID-MS" mass spectra in negative ion mode for compound 5: (A) CID-MS? spectrum of the precursor
ion at m/z 191; (B) CID-MS® mass spectrum of the product ion at m/z 111.
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Figure S6. CID-MS" mass spectra in negative ion mode for compound 6: (A) CID-MS? spectrum of the precursor
ion at m/z 135; (B) CID-MS?® mass spectrum of the product ion at m/z 117.
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Figure S7. CID-MS" mass spectra in positive ion mode for compound 7: (A) CID-MS? spectrum of the precursor
ion at m/z 284; (B) CID-MS® mass spectrum of the product ion at m/z 152.
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Figure S8. CID-MS" mass spectra in negative ion mode for compound 8: (A) CID-MS? spectrum of the precursor
ion at m/z 447; (B) CID-MS® mass spectrum of the product ion at m/z 315.
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precursor ion at m/z 195; (B) CID-MS?® mass spectrum of the product ion at m/z 177.
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Figure S11. CID-MS" mass spectra in negative ion mode for compound 11: (A) CID-MS? spectrum of the
precursor ion at m/z 355; (B) CID-MS?® mass spectrum of the product ion at m/z 193.
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Figure S12. CID-MS" mass spectra in negative ion mode for compound 12: (A) CID-MS? spectrum of the
precursor ion at m/z 355; (B) CID-MS?® mass spectrum of the product ion at m/z 193.
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Figure S13. CID-MS" mass spectra in positive ion mode for compound 13: (A) CID-MS? spectrum of the
precursor ion at m/z 169; (B) CID-MS?® mass spectrum of the product ion at m/z 137.
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Figure S14. CID-MS" mass spectra in positive ion mode for compound 14: (A) CID-MS? spectrum of the
precursor ion at m/z 757; (B) CID-MS?® mass spectrum of the product ion at m/z 303.
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Figure S15. CID-MS" mass spectra in positive ion mode for compound 15: (A) CID-MS? spectrum of the
precursor ion at m/z 476; (B) CID-MS?® mass spectrum of the product ion at m/z 177.
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Figure S16. CID-MS" mass spectra in positive ion mode for compound 16: (A) CID-MS? spectrum of the
precursor ion at m/z 771; (B) CID-MS?® mass spectrum of the product ion at m/z 317.
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Figure S17. CID-MS" mass spectra in positive ion mode for compound 17: (A) CID-MS? spectrum of the
precursor ion at m/z 562; (B) CID-MS?® mass spectrum of the product ion at m/z 314.
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Figure S18. CID-MS" mass spectra in positive ion mode for compound 18: (A) CID-MS? spectrum of the
precursor ion at m/z 611; (B) CID-MS?® mass spectrum of the product ion at m/z 303.
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Figure S19. CID-MS" mass spectra in positive ion mode for compound 19: (A) CID-MS? spectrum of the
precursor ion at m/z 447; (B) CID-MS?® mass spectrum of the product ion at m/z 285.
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Figure S20. CID-MS" mass spectra in positive ion mode for compound 20: (A) CID-MS? spectrum of the
precursor ion at m/z 461; (B) CID-MS?® mass spectrum of the product ion at m/z 299.
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Figure S21. CID-MS" mass spectra in positive ion mode for compound 21: (A) CID-MS? spectrum of the
precursor ion at m/z 314; (B) CID-MS?® mass spectrum of the product ion at m/z 177.
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Figure S22. CID-MS" mass spectra in positive ion mode for compound 22: (A) CID-MS? spectrum of the
precursor ion at m/z 595; (B) CID-MS?® mass spectrum of the product ion at m/z 287.
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Figure S23. CID-MS" mass spectra in positive ion mode for compound 23: (A) CID-MS? spectrum of the
precursor ion at m/z 625; (B) CID-MS?® mass spectrum of the product ion at m/z 317.
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Figure S24. CID-MS" mass spectra in positive ion mode for compound 24: (A) CID-MS? spectrum of the
precursor ion at m/z 547; (B) CID-MS?® mass spectrum of the product ion at m/z 299.
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Figure S25. CID-MS" mass spectra in positive ion mode for compound 25: (A) CID-MS? spectrum of the
precursor ion at m/z 547; (B) CID-MS?® mass spectrum of the product ion at m/z 299.
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Abstract

Phenolic compounds have been scientifically recognized as beneficial to intestinal health. The cactus
Nopalea cochenillifera, used as anti-inflammatory in traditional medicine, is a rich source of these E
bioactive compounds. The present study aimed to investigate the phytochemical profile of M.

cochenillifera extract and evaluate its acute toxicity and anti-inflammatory effect on 2.4-

dinitrobenzenesulfonic acid (DN B5)-induced colitis in rats. The total phenolic content per gram of dry

extract was 67.85 mg. Through HPLC-IES-M5™ a total of 25 compounds such as saccharides, organic

acids, phenolic acids and flavonoids were characterized. The dose of 2000 mg/kg of extract by an oral

route showed no signs of toxicity, mortality or significant changes in biochemical and hematological

parameters. Regarding intestinal anti-inflammatory effects, animals were treated with three different

doses of extract or sulfasalazine. Macroscopic analysis of the colon indicated that the extract

decreased the disease activity index. Levels of IL-1B and THF-a decreased, IL-10 increased and MDA

and MPO enzyme levels decreased when compared with the control group. In addition, a down-

regulation of MAPE1/ERK2 and NF-xB p65 pathway markers in colon tissue was observed. The

epithelial integrity was improved according to histopathological and immunohistological analysis.

Thius, the extract provided strong preclinical evidence of being effective in maintaining the remission

of colitis.

Keywords: Cactaceae; colitis; flavonoids; functional foods; herbal medicines; inflammatory chronic

dizeases.
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