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RESUMEN

El estudio quimico de la especie vegetal Heterotheca inuloides (arnica mexicana)
permitid el aislamiento de metabolitos de tipo cadinano, algunos triterpenos, flavonoides y
esteroles. De entre estas sustancias, cuatro representan nuevos productos naturales. Su
estructura fue elucidada por medio del analisis de sus espectros de resonancia magnética
nuclear y confirmada por cristalografia de rayos X. Su configuracion absoluta se establecio
aplicando métodos experimentales y tedricos. Algunos de los metabolitos de tipo cadinano
poseen actividad antiinflamatoria moderada. EI compuesto méas activo mostré un 43.14 +
8.09 % de inhibicion del edema, a una dosis de 228 pg/oreja. Adicionalmente, se evaluo el
efecto de estos compuestos sobre tres factores de transcripcion involucrados en la
inflamacion y el cancer. El principal constituyente en esta especie, el 7-hidroxi-3,4-
dihidrocadaleno, mostré actividad anti-NF-xB y fue capaz de activar la ruta antioxidante
del Nrf2. A partir de los productos naturales activos se prepard un grupo de derivados
semisintéticos, que incluyen ésteres y carbamatos, de los cuales se evalud su efecto sobre
los factores de transcripcion antes mencionados y su actividad antiproliferativa in vitro
sobre lineas celulares de cancer humano. Los derivados de tipo carbamato mostraron una
potente actividad inhibitoria de la proliferacion sobre células de adenocarcinoma colorectal.
Uno de los derivados de tipo éster, mostr6 mayor potencia en la inhibicién del NF-xB y
activacion del Nrf2 que el producto natural original. A través de experimentos de western
blot y modelado molecular se propuso el mecanismo por el cual esta sustancia interfiere en
la cascada de sefializacion del NF-kB. Adicionalmente, se determind que los productos
naturales mayoritarios aislados de H. inuloides, y algunos derivados de semisintesis tienen
una actividad mayor que uno de los farmacos de referencia (metronidazol) como
inhibidores del crecimiento de Helicobacter pylori. Finalmente, en el presente trabajo se
disefid un método que permite la identificacion de los sesquiterpenos de tipo cadinano
aislados previamente, en extractos de distintas poblaciones de H. inuloides, aplicando

cromatografia de liquidos de alta resolucion.



ABSTRACT

Chemical research of the plant species Heterotheca inuloides led to the isolation of various
metabolites, including cadinane type sesquiterpenes, triterpenes, flavonoids and sterols.
Among these substances, four are new natural products. Their structures were elucidated on
the basis of NMR data analysis and confirmed by X-ray crystallography. Their absolute
configuration was established by experimental, theoretical and semi-empirical methods.
Some of the cadinane metabolites exhibit moderate anti-inflammatory activity. The most
active compound showed 43.14 + 8.09 % of inhibition of edema at a dose of 228 pg/ear.
Additionally, the effect of these compounds on three transcription factors involved in
inflammation and cancer was evaluated.

The main constituent in this species, 7-hydroxy-3,4-dihydrocadalene, showed anti-NF-xB
activity and activated the antioxidant Nrf2 pathway. Starting from the active natural
products, a novel semi-synthetic derivative set was prepared, including esters and
carbamates, and evaluated for their potential in vitro antiproliferative activity against human
cancer cell lines. Carbamate derivatives were found to exhibit potent activity against human
colorectal adenocarcinoma. An ester derivative was determined to be a more potent NF-xB
inhibitor and Nrf2 activator than its parent natural product. Through western blot
experiments and molecular simulations, the mechanism of inhibition of NF-xB pathway
was proposed.

Additionally, it was established that the major natural products of H. inuloides, and some
semi-synthetic derivatives, possess higher anti-Helicobacter pylori activity than the
reference drug (metronidazole).

Finally, an HPLC method for the identification of previously isolated cadinane type
sesquiterpenes, in extracts prepared from different populations of H. inuloides, was
developed.



INTRODUCCION

Heterotheca inuloides es una de las plantas mas comunmente utilizadas en la medicina
tradicional mexicana, principalmente para el tratamiento de padecimientos relacionados con
la inflamacién." Desde hace varias décadas, el estudio quimico de esta especie ha sido
motivado por el alto aprecio etnomédico que tiene esta planta, principalmente en las zonas
del centro y sur del pais.
Los sesquiterpenos de tipo cadinano han sido identificados como constituyentes
caracteristicos de la especie. A pesar de que estos compuestos han mostrado tener una
actividad importante en diversos bioensayos, la configuracion absoluta de la mayor parte de
ellos aun no ha sido definida. EI primer estudio concerniente a la configuracion absoluta de
derivados de cadinanos fue realizado por Ruzicka, quien también definié su esqueleto.?
Durante mucho tiempo, los métodos de correlacion quimica permitieron la asignacion de la
configuracién absoluta de diversos productos naturales de tipo cadinano. Estas técnicas mas
adelante fueron complementadas por métodos quirépticos, resonancia magnética nuclear
(RMN) y analisis por dispersion anémala de rayos-X. Con el advenimiento de estas nuevas
herramientas, algunas asignaciones estereoquimicas fueron corregidas. Por ejemplo, las
configuraciones absolutas de algunos cadinanos establecidas basandose Unicamente en
argumentos deducidos de experimentos de RMN, mas adelante fueron corregidas a traves
de métodos cristalograficos.®

En el presente trabajo se aislaron diez sesquiterpenos de tipo cadinano, algunos
flavonoides, triterpenos y esteroles, a partir del extracto acetdnico preparado de las partes
aéreas de la especie en estudio. De entre estas sustancias, cuatro representan productos
naturales novedosos. La configuracion absoluta de estos compuestos fue establecida por
comparacion de sus espectros de dicroismo circular electronico (DCE), experimentales y
calculados, y fue confirmada a través del refinamiento del pardmetro de Flack aplicando
dispersion andémala de rayos-X. La actividad anti-inflamatoria de estas sustancias fue
evaluada aplicando un modelo in vivo. Conjuntamente, estos diez productos naturales de
tipo cadinano y 21 derivados semisintéticos, que incluyen ésteres y carbamatos, fueron

evaluados sobre blancos moleculares involucrados en procesos de inflamacion y



carcinogenesis. Sus efectos citotoxicos sobre seis lineas celulares de cancer humano fueron
evaluados por medio de expermientos in vitro, y estos resultados se correlacionaron con la
capacidad inhibidora o activadora sobre los factores de transcripcion NF-xB, STAT3 y
Nrf2. Con el objetivo de entender coémo algunos de estos compuestos inhiben el factor de
transcripcion NF-«kB, se hicieron estudios por western blot y modelado molecular sobre una
de las proteinas involucradas en su via de activacion.

Este tipo de investigaciones aplicadas a productos naturales son importantes debido a que
muchos de estos compuestos poseen actividad antiinflamatoria y, actualmente, la relacion
entre inflamacion y el desarrollo de cancer es ampliamente aceptada.” A pesar de que esta
conexion puede ser compleja, las evidencias sugieren que los procesos inflamatorios
crénicos predisponen la aparicion de células cancerosas.” Mas aun, las vias moleculares que
vinculan la inflamacion con el cancer han sido descritas. Estas vias conocidas como
intrinseca y extrinseca, convergen dando como resultado la activacion de factores de
transcripcion, principalmente el factor nuclear-kB (NF-«kB), el transductor de sefales y
activador de la transcripcion 3 (STAT3), y el factor la inducido por hipoxia (HIFla) en
células tumorales.®

La activacion del NF-kB en células inflamatorias conduce a la produccion de factores que
mejoran el crecimiento, supervivencia y vascularizacién de células cancerosas.” STAT3 es
considerado uno de los blancos moleculares nuevos méas prometedores en la terapia del cancer.
Su activacion en células tumorales y en el micro-ambiente tumoral promueve la proliferacion
y la supervivencia celular y facilita el desarrollo de cancer a través de la inflamacion.® El
factor de transcripcion Nrf2 desempefia un papel protector al suprimir el estrés oxidante v,
consecuentemente, el aparecimiento de cancer. La activacion del Nrf2 inhibe la inflamacion y
facilita la adaptacion de las células, a través de la regulacion de la reparacion y degradacion de
macromoléculas que han sufrido algin dafio.’

Este conocimiento facilita la investigacion y desarrollo de sustancias que tengan efecto sobre
los componentes inflamatorios del micro-ambiente de las células cancerosas. De hecho, varios
estudios experimentales, epidemioldgicos y clinicos, sugieren que los agentes
antiinflamatorios  pueden  considerarse  substancias prometedoras como  agentes

terapéuticos.'**



Los productos naturales de tipo cadinano son un grupo representativo de substancias con
efectos quimiopreventivos, como resultado de sus propiedades anti-inflamatorias."? Se ha
demostrado que algunos productos naturales pueden ejercer un efecto regulador a un nivel
transcripcional en las vias moleculares involucradas en inflamacion y cancer, por lo tanto,
representan una fuente interesante de agentes potencialmente Utiles en la prevencion y terapia
de estos padecimientos.™

A pesar de que las actividades biologicas de muchos productos naturales han sido
ampliamente estudiadas, la identificacion de los blancos moleculares involucrados en dichas
propiedades, representa un reto que podria explicar el uso de varias especies en la medicina
tradicional.

En esta investigacion también se evalud, la actividad inhibitoria del crecimiento de
Helicobacter pylori (H. pylori) de los productos naturales mayoritarios aislados de H.
inuloides, y algunos derivados de semisintesis, en busca de sustancias que representen una
fuente alterna al tratamiento de infecciones causadas por esta bacteria. Los resultados
mostraron que los compuestos 7-hidroxi-3,4-dihidrocadaleno y 7-hidroxi-cadaleno, tienen
una actividad mayor que la del metronidazol (farmaco de referencia), y esta actividad es

comparable con la desarrollada por el farmaco claritromicina.
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ANTECEDENTES

1. Generalidades de Heterotheca inuloides

1.1 Distribucién y habitat

El género Heterotheca Cass. (Asteraceae: Astereae) incluye 24 especies de plantas
herbaceas anuales y perennes, distribuidas en México, Estados Unidos y Canada.! H.
inuloides Cass es una planta endémica de México que posee la misma distribucion
geogréfica que otras especies perenecientes al género, como H. grandiflora Nutt., H.
subaxilaris (Lam.) Britton & Rusby, y H. leptoglossa DC.? Esta especie crece como maleza
de forma silvestre en las regiones frias y templadas de México, a una altitud comprendida

entre los 2000 y 3000 metros sobre el nivel del mar.®

1.2 Caracterizacion botanica

Es una planta herbacea perenne de altitud no mayor a 1 m. Posee hojas alternas,
lanceoladas y pubescentes con margenes dentados, e inflorescencias constituidas por varios
discos en el centro, los cuales a su vez se encuentran rodeados por flores ligulares.’

En México, esta especie recibe los nombre comunes de arnica del pais, arnica morada,
arnica de peluche, arnica de untar, arnica hembra, hornilla y tabaco de las montafas,
ademéas de una serie de nombres prehispanicos. Fuera de México es frecuentemente
conocida como &rnica mexicana, nombre que deriva de sus similitudes morfolégicas con la
especie Europea Arnica montana L.*°

Su clasificacion botanica es la siguiente: familia Asteraceae (Compositae), tribu Astereae,

subtribe Crisopsidinae.

1.3 Usos en la medicina tradicional

H. inuloides (arnica mexicana), es una especie con gran aprecio por su uso empirico en el
tratamiento de inflamaciones. También, se ha descrito su uso para disminuir los sintomas
asociados a contusiones, reumatismo y Glceras estomacales.® De forma general, las
preparaciones obtenidas a partir de las partes aéreas (flores, hojas y ramas) se administran

por via tépica u oral.’



1.4 Composicién quimica y actividad bioldgica

La investigacion quimica de esta especie ha conducido al aislamiento e identificacion de
diferentes metabolitos, entre los cuales se encuentran triterpenos, esteroles, flavonoides, y
sesquiterpenos de tipo cadinano.® Estos dltimos se consideran constituyentes
representativos del género Heterotheca, ya que son biosintetizados por otras especies
pertenecientes a este género, tales como H. latifolia,>® H. grandiflora **** and H.
subaxillaris.*®

Los constituyentes de tipo cadinano que han sido aislados de H. inuloides se ilustran en la
Figura 1. Estos metabolitos poseen una variedad de propiedades bioldgicas, entre las méas

1415 antiinflamatoria,*®!’

importantes se encuentran las actividades antioxidante,
antinociceptiva,’® inhibidora de la peroxidacion lipidica,'® citotéxica,?® antimicrobiana % y

antiparasitaria.?
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Figura 1. Productos naturales de tipo cadinano aislados de H. inuloides.

1.4.1 Actividad antiinflamatoria
Se ha observado que los extractos acetdnico, metanolico y de diclorometano preparados a
partir de H. inuloides, y algunos de los constituyentes de tipo cadinano aislados de esta
especie, poseen actividad antiinflamatoria en modelos in vivo e in vitro. Los compuestos 7-
hidroxi-3,4-dihidrocadaleno (1), 7-hidroxycadaleno (2), acido-cadalen-15-oico (3) vy
dicadalenol (4) disminuyen el edema en oreja de raton inducido por el acetato de

tetradecanoilforbol (ATF), que se utiliza como una herramienta de investigacion en
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modelos de inflamacién.’® Se ha demostrado que las infusiones preparadas a partir de H.
inuloides, y el metabolito 7-hidroxy-3,4-dihidrocadaleno (1), disminuyen la actividad de la

enzima COX, la cual esté directamente involucrada en el proceso de inflamacién.?*%*

1.4.2 Actividad citotoxica
Los sesquiterpenos de tipo cadinano 7-hidroxy-3,4-dihidrocadaleno (1) y 7-hidroxicadaleno
(2) poseen actividad citotoxica sobre lineas celulares tumorales,? e inhiben la proliferacion

en lineas celulares de leucemia (K562), cancer de colon (HCT-15) y mama (MCF-7).

2. Inflamacién y cancer

La inflamacién es una respuesta adaptativa desencadenada por estimulos y condiciones
nocivas, como infecciones o lesiones tisulares. En general, se piensa que una respuesta
inflamatoria controlada es beneficiosa (por ejemplo, al proporcionar proteccion contra
infecciones), pero puede resultar perjudicial si no existe una regulacion apropiada. La
respuesta inflamatoria esta coordinada por una amplia gama de mediadores que forman
redes reguladoras complejas. Para entender su funcionamiento, resulta Gtil colocar estas
sefiales en categorias funcionales y distinguir entre inductores y mediadores de la
inflamacién. Los inductores son las sefiales que inician la respuesta inflamatoria al activar
sensores especializados, 1o que provoca la produccién de un conjunto de mediadores. Los
mediadores, a su vez, alteran los estados funcionales de tejidos y 6rganos (que son los
efectores de la inflamacién) de tal forma que les permite adaptarse a las condiciones
indicadas por el inductor particular de la inflamacion. Por lo tanto, una "via" inflamatoria
genérica, consiste en inductores, sensores, mediadores y efectores, con cada componente
determinando el tipo de respuesta inflamatoria.?®

La existencia de una conexién entre inflamacion y cancer se sospechaba antes del
descubrimiento del NF-kB y otros factores de transcripcion. A pesar de que en el siglo XIX
Virchow sugirié que la inflamacion crénica puede dar origen a la aparicién de células
malignas, Uanicamente en afios recientes la correlacion entre inflamacion y cancer ha sido
comprendida. Estudios epidemiologicos han identificado a las infecciones e inflamacion
crénica como los principales factores de riesgo para el desarrollo de varios tipos de

canceres. Conjuntamente, la inflamacion y las infecciones estan relacionadas con un 15-
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20% de las muertes por cancer. Por ejemplo, las infecciones cronicas producidas por los
virus de la hepatitis B y C, son los principales factores de riesgo en el desarrollo de
carcinoma hepatocelular, mientras que las infecciones con Helicobacter pylori estan
asociadas con la mayoria de los tipos de cancer gastrico.?’” Se piensa que la colitis ulcerativa
incrementa el riesgo de padecer cancer colorectal, y la inflamacion cronica producida al
aspirar particulas irritantes presentes en el aire, 0 humo de tabaco, esta muy probablemente

relacionada con el desarrollo de cancer de pulmén.?’

2.1 Factores de transcripcion

Los factores de transcripcién son componentes celulares clave que controlan la expresion
génica y su actividad determina el funcionamiento de las células y las respuestas de éstas al
medio ambiente. Al garantizar la expresion correcta de genes especificos, el sistema
regulatorio transcripcional juega un papel central en el control de varios procesos
bioldgicos, incluyendo el ciclo celular, el mantenimiento del equilibrio metabdlico y
fisiologico intracelular y la diferenciacion celular. En la actualidad se conoce que varias

enfermedades surgen como consecuencia de un desequilibrio en este sistema regulador.?®

2.1.1 NF«xB

El factor de transcripcion nuclear kappa B (NF-xB, por sus siglas en inglés) regula varios
procesos fisioldgicos importantes, incluyendo la inflamacion, la respuesta inmune, el
crecimiento celular, la apoptosis, y la expresion de ciertos genes virales. Por lo tanto, la
cascada de sefalizacion de NF-kB proporciona una oportunidad para la intervencién
farmacoldgica, principalmente en situaciones de inflamacion crénica o cancer, en las cuales
la via esta frecuentemente activa y desempefia un papel importante en el desarrollo de la
enfermedad.”

La familia de proteinas conocidas como NF-kB estd compuesta de dos subfamilias: las
proteinas NF-kB y las proteinas Rel. Todas estas proteinas comparten el dominio Ilamado
RHD (del inglés Rel homology domain). Como tales, las proteinas miembros de la
subfamilia NF-xB no son capaces de activar la transcripcion, excepto cuando forman
dimeros con los miembros de la subfamilia Rel. La actividad del NF-xB se encuentra

estrechamente regulada por la interaccion con las proteinas inhibitorias IxB. En la mayoria
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de las células, el NF-xB se encuentra en una forma latente e inactiva en el citoplasma, lo
cual es una consecuencia de la unién con las proteinas inhibitorias <B.*

La via més importante que conducen a la activacion del NF-kB se conoce como via
clasica. En esta via los dimero de NF-«xB, tales como p50/RelA, son mantenidos en el
citoplasma por interaccion con una molécula independiente de 1xB. En muchos casos, la
unién de un ligando a un receptor en la superficie celular (por ejemplo el receptor del factor
de necrosis tumoral a), activa al complejo IKK, el cual a su vez fosforila dos serinas de la

proteina kB, conduciendo a su degradacion y subsecuente liberacion del dimero del NF-

kB, el cual puede entonces entrar al nicleo y activar genes especificos (Figura 2).*
g NEM NEMO )

N/

o o A/Degradacién

IxB proteosomal

G ™)

NS

Nucleo

—>
[xe [ |

Figura 2. Via clésica de activacion del NF-«xB (modificada de Gilmore™).
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2.1.2 STAT3

Los factores de transcripcion STAT (por sus siglas en inglés) funcionan en los niveles
primarios de las vias de sefializacion de los receptores de citoquina y factores de
crecimiento (Figura 3). En comparacion con células y tejidos normales, STATS activos han
sido detectados en una gran variedad de lineas celulares cancerosas humanas y en tumores
primarios. Se ha demostrado que la activacion persistente de STATS, en particular, STAT3
y STATS, contribuyen al desarrollo de cancer estimulando la proliferacion celular y
evitando la apoptosis. STATSs participan en la oncogénesis a través de la regulacion de
genes que codifican para la produccion de inhibidores de la apoptosis y reguladores del
ciclo celular. Experimentos in vivo e in vitro han mostrado que la inhibicion de las vias de
sefializacion de STATs activas, disminuyen el crecimiento celular de tumores. Estos
hallazgos proporcionan una nueva fuente de intervencion terapéutica en el tratamiento del

cancer.31%

Receptores de factores de crecimiento Receptores de citoquinas
Tirosina cinasas

Extracelular sin receptores

/roliferacién,

supervivencia,
angiogénesis, oncogénesis

1
1
!

Figura 3. Via de senalizacion del STAT (modificada de Buettner“).



14

2.1.3 Nrf2

El factor nuclear tipo 2 derivado de eritroide (Nrf2, por sus siglas en inglés) es un factor de
transcripcion que regula el estado redox celular y es controlado a través de una red
compleja trancripcional/epigenética y postranslacional, que asegura que su actividad se
incremente durante la perturbacion redox, la inflamacion, el estimulo de factores de
crecimiento y los flujos de nutrientes y energia. De esta manera, es posible que exista una
respuesta adaptativa ante diversas formas de estrés. Ademas de ser un mediador de la
induccion de genes antioxidantes y desintoxicantes, el Nrf2 contribuye a la adaptacion a
través de la regulacién de la reparacion y la degradacion de moléculas, y la modulacién del
metabolismo intermedio.®® En las células, el Nrf2 puede ser activado por especies reactivas
de oxigeno o por el factor de crecimiento de queratinocito, lo cual genera que el inhibidor
citosélico Keap 1 lo libere, y de esta manera pueda penetrar al nucleo donde forma dimeros
con las proteinas MAF y se liga a la secuencia ARE del ADN, activando asi genes
especificos (Figura 4).*

Varios estudios, acerca de compuestos que poseen efectos quimiopreventivos, sugieren que
muchos de sus efectos benéficos al suprimir la carcinogénesis y otras enfermedades

crénicas son consecuencia de la activacion del factor de transcripcion Nrf2.%

EROS

ACTIVACION
TRANSCRIPCIONAL

v

Keap1

EROS genes

especificos

34) .

Figura 4. Via de activacion del Nrf2 (modificada de Braun
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2.2 Agentes antiinflamatorios y anticancerigenos de origen natural

En la actualidad los productos naturales mantienen su importancia central en el
descubrimiento de agentes anticancerigenos. Los metabolitos secundarios poseen
bioactividades Utiles dentro de los mecanismos de defensa, supervivencia o comunicacion
de los organismos productores. Por lo tanto, no resulta sorprendente que dichos compuestos
bioactivos hayan llegado a desempefiar un papel importante en el desarrollo de nuevos
farmacos. Sin embargo, el uso de productos naturales posee algunas limitaciones, ya que
frecuentemente los organismos sintetizan cantidades minimas de estas sustancias, y algunas
de ellas pueden llegar a tener poca biodisponibilidad. Este Gltimo factor esta determinado
en gran medida por la polaridad. Sin embargo, los productos naturales pueden ser
optimizados a través de la remocion, modificacion o introduccion de grupos funcionales.
Estas sustancias también pueden ser utiles en el desarrollo de bibliotecas para el
descubrimiento de nuevos analogos sintéticos activos.®

Existen actualmente aproximadamente 120 sustancias quimicas utilizadas como agentes
farmacoldgicos que derivan de plantas. Muchas de ellas se emplean como agentes
anticancerigenos, ya sea sin haber modificado su estructura o como simples derivados de
semisintesis. Algunos ejemplos importantes incluyen al taxol, la vincristina, la vinblastina,
y la doxorrubicina (nombre comercial adriamicina).*’

Los productos naturales desempefian un papel importante en la conservacion de la salud
humana, principalmente cuando se asocian con la prevencién y el tratamiento de
condiciones inflamatorias. En los Gltimos afios se ha realizado un gran esfuerzo para
investigar el mecanismo de accién, metabolismo, seguridad y efectos secundarios a largo
plazo de estas sustancias, y es probable que en los préximos afios, nuevos agentes
antiinflamatorios derivados de productos naturales comiencen a ser comercializados como
farmacos.*’

Existe un gran numero de investigaciones que reportan la actividad antiinflamatoria de
distintos productos naturales; sin embargo, solamente algunos de ellos sobresalen, respecto
a su potencia o disponibilidad. Estos compuestos naturales incluyen a la curcumina,
partendlida, cucurbitacina, 1,8-cineol, lyprinol, bromelaina, y algunos flavonoides vy

saponinas.®
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El entendimiento actual acerca de la cascada de sefializacion del NF-kB proporciona a los
investigadores una oportunidad para la identificacion de posibles blancos moleculares. En
2004, los primeros compuestos de origen natural descritos en la literatura como
moduladores de este factor fueron el salicilato de sodio y el &cido acetil salicilico (aspirina).
Tras este descubrimiento, una serie de nuevos productos naturales han demostrado tener
una actividad inhibidora del NF-xB, lo cual hace ain més importante la identificacion de
blancos especificos dentro de la cascada, incluyendo la degradacion del 1B, el complejo

IKK, la translocacion nuclear del NF-xB y la unién ADN-NF-«xB.*

3. Helicobacter pylori

Helicobater pylori (H. pylori) es uno de los patdgenos con mayor prevalencia en el mundo,
afectando alrededor del 50% de poblacién. Fue descrito por Warren y Marshall en 1983. Es
un bacilo Gram-negativo que infecta la mucosa estomacal del ser humano, produciendo
enfermedades en la parte superior del tracto gastrointestinal, tales como gastritis cronica,
Ulcera péptica y carcinoma gastrico. Algunos estudios han demostrado que el consumo de
alimentos contaminados puede incrementar el riesgo de una infeccién por H. pylori. La ruta
més frecuente de transmision es de persona a persona.*’

Existen varios esquemas para el tratamiento de infecciones causadas por H. pylori; sin
embargo, aun no se ha definido un tratamiento Optimo, ya que no existe un unico
antibidtico capaz de erradicar a esta bacteria. Para erradicar la infeccion normalmente se
usa una combinacion de varios antibidticos. Los antibi6ticos mas cominmente empleados
son la claritromicina, amoxicilina, metronidazol, tetraciclina, fluoroquinolonas y tinidazol.
La efectividad de las terapias mas cominmente empleadas se ha visto comprometida por la
rapida emergencia de cepas de H. pylori resistentes a antibioticos y por el poco apego al
tratamiento por parte de los pacientes.*
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OBJETIVOS

Objetivo general

Contribuir al conocimiento quimico y biolégico de los metabolitos secundarios bioactivos

presentes en H. inuloides, y obtener a partir de los productos naturales de tipo cadinano,

derivados quimicos para realizar bioevaluaciones que permitan establecer las relaciones

entre la estructura molecular y la actividad bioldgica.

Objetivos especificos

Aislar y caracterizar estructuralmente los productos naturales presentes en H.
inuloides a través de métodos cromatograficos, espectroscopicos Yy
espectrométricos.

Establecer la configuracion absoluta de las sustancias aisladas por primera vez,
haciendo uso de distintos métodos experimentales y tedricos.

Evaluar la actividad antiinflamatoria de los metabolitos obtenidos en forma pura,
aplicando el modelo de edema en oreja de raton inducido por ATF.

Preparar derivados semisintéticos a partir de los productos naturales bioactivos,
por medio de reacciones simples en las cuales los grupos funcionales puedan ser
manipulados para obtener estructuras adicionales.

Evaluar la actividad inhibidora o activadora de los productos naturales vy
derivados sobre los factores de transcripcion involucrados en la inflamacion vy el
cancer.

Correlacionar los resultados de las actividades sobre los factores de transcripcion
con los efectos citotdxicos en lineas celulares de cancer humano.

Establecer un método por cromatografia liquida de alta resolucion para
determinar el perfil metabdlico de los extractos acetonico de H. inuloides.

Evaluar la actividad anti-Helicobacter pylori in vitro de algunos derivados

semisintéticos obtenidos a partir de compuestos de tipo cadinano.
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RESULTADOS

CAPITULO |

Sesquiterpenos de tipo cadinano aislados a partir de Heterotheca inuloides:
configuracién absoluta y actividad anti-inflamatoria
Egas, V.; Toscano, R.; Linares, E.; Bye, R.; Espinosa-Garcia, F.; Delgado, G.
Journal of Natural Products 2015, 78, 2634-2641.

Resumen

A partir de las partes aéreas de Heterotheca inuloides se aislaron ocho sesquiterpenos de
tipo cadinano (1-8), junto con algunos triterpenos, flavonoides y esteroles. La estructura de
los compuestos nuevos (1-4) fue elucidada por medio del analisis de sus espectros de
resonancia magnética nuclear, mono Yy bidimensionales. Las estructuras de los
sesquiterpenos nuevos (1-3), y conocidos (5-7), fueron confirmadas por cristalografia de
rayos X. La configuracion absoluta de los metabolitos 2-5 fue establecida por comparacion
de sus espectros experimentales de dicroismo circular electrénico con los calculados y
confirmada por medio del refinamiento del parametro de Flack usando dispersion
anomalada de rayos X de los atomos de oxigeno y métodos de correlacion quimica. La
actividad antiinflamatoria de los compuestos de tipo cadinano fue evaluada aplicando el
modelo de edema de inflamacion en oreja de raton inducido por ATF. Los resultados
indican que algunos de estos metabolitos poseen actividad moderada. ElI compuesto 1
mostré un 43.14 + 8.09 % de inhibicion del edema a una dosis de 228 pg/oreja, lo cual

indica una ICs > 228 ug/oreja.
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ABSTRACT: Eight cadinane-type sesquiterpenoids (1—8) together with
some triterpenoids, flavonoids, and sterols were isolated from the aerial parts
of Heterotheca inuloides. The structures of the new compounds (1—4) were
elucidated on the basis of extensive 1D and 2D NMR spectroscopic data
analysis. The structures of the new (1—3) and the known (5-7)
sesquiterpenoids were confirmed by X-ray crystallography. The absolute
conﬁgurations of metabolites 2—5 were determined by comparing their
experimental and calculated electronic circular dichroism spectra and
confirmed via refinement of the Flack parameter using anomalous X-ray
scattering from the oxygen atoms and chemical correlation methods. The
sesquiterpenoids were evaluated for their anti-inflammatory potential by
applying the TPA-induced mouse ear edema model. The results revealed
that some of these metabolites exhibit moderate anti-inflammatory activity.
At a dose of 228 ug/ear compound 1 showed 43.14 + 8.09% inhibition on

H. inuloides
HOO

ear edema, indicating an ICy, > 228 ug/ear.

he genus Heterotheca Cass. (Asteraceae: Astereae)

includes 24 species of herbaceous annuals and perennials
distributed throughout Mexico, the United States, and the
prairies and southern Rocky Mountains of western Canada.' H.
inuloides Cass. is an endemic plant of Mexico that shares a
natural distribution with H. grandiflora Nutt, H. subaxilaris
(Lam.) Britton & Rusby, and H. leptoglossa DC.’

H. inuloides has continuously attracted attention because it is
used as the treatment of choice in Mexican folk medicine for
diverse ailments, mainly for those related to i1'1ﬂzl.l'mrlatclryr
processes.” Chemical investigations of this plant, also known as
“Mexican arnica”, have led to the isolation and identification of
different metabolites including polyacetylenes, triterpenoids,
sterols, flavonoids, and cadinanes.” Cadinanes may be
considered representative constituents for the genus because
they have been isolated from other species such as H. latifolia,”®
H. grandxﬂam,?‘s and H. subaxillaris.” Cadinane-type sesqui-
terpenoids have shown diverse biological properties such as
antioxidant, ™" anti—inﬂammatnry,“"” anﬁnociceptive,”’ inhib-
ition of lipid pernxidation,” cytc:tmcic,";' antimicrobial,'® and
antiparasitic properties.’” Despite the significance of some of
these metabolites in different bioassays, the absolute config-
uration of most of them has not been defined. The first studies
concerning the configuration of cadinane derivatives were made
by Ruzicka, who also defined the cadinane framework.'®
Chemical correlation methods permitted the assignment of the

© 2015 American Chemical Society and

" 4 ACS Publications  American Saciety of Pharmacognosy

2634

absolute configuration for many cadinane-type natural prod-
ucts, and these techniques were complemented by chiroptical
methods, NMR, and anomalous X-ray scattering analyses. Some
stereochemical assignments for this class of metabolites based
solely on NMR arguments were later corrected by X-ray
methods."”

In the present work, as part of efforts to identify additional
cadinane-type sesquiterpenoids from H. inuloides,” to define
their absolute configurations, and to explore their anti-
inflammatory activities, we have isolated eight cadinane-type
metabolites (1—8) and some flavonoids, triterpenoids, and
sterols from the aerial parts of this species. Among these, four
compounds (1—4) are new natural products. The absolute
configurations were established by comparing their exper-
imental and calculated electronic circular dichroism (ECD)
spectra and confirmed by refinement of the Flack parameter
using anomalous X-ray scattering from the oxygen atoms. In an
attempt to provide additional information regarding structural
features, the structures of compounds 5—8 were confirmed by
X-ray analysis. The absolute configuration for one of these
metabolites was also defined, and the in vivo anti-inflammatory
properties of the cadinanes were evaluated.
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B RESULTS AND DISCUSSION

The acetone extract of the aerial parts of H. inuloides was
fractionated by vacuum liquid chromatography (VLC) using
silica gel to obtain fractions that were pooled in 15 groups
according to their TLC profiles. Further purifications of these
fractions were carried out by repeated chromatographic
separations to afford four new (1—4) and four known (5—8)
cadinene-type sesquiterpenoids, together with nine known
metabolites: 3f-friedelinol, a-amyrin, f-amyrin, a-spinasterol,
a-spinasteryl ff-p-glucopyranoside, quercetin, 3,7,3"-tri-O-meth-
vlquercetin, 7,3'-di-O-methyleriodictyol, and 3,7,3",4'-tetra-O-
methylquercetin. The known compounds were identified by
comparison of their experimental and reported physical and
spectroscopic data and by direct comparison with authentic
samples.

Compound 1 was isolated as yellow crystals. The HRESIMS
spectrum showed a protonated molecular ion at m/z 229.12229
[M + H]" (caled for C;sH;70, 229.12285), indicating a
molecular formula of C;H (O, when taken in conjunction with
the C NMR data. The “C data of compound 1 (Table 1)
exhibited signals for 15 carbons, which were classuﬁed in
accordance with DEPT experiments as five sp” quaternary
carbons (8¢ 153.6, 131.6, 127.9, 127.8, 127.1), one oxygenated
sp’ tertiary carbon (§c 156.8), three methyls (8. 23.5, 23.5,
17.2), five methines [four aromatic (8. 139.2, 1254, 118.7,
107.9), and one aliphatic (5c 29.4)], and a formyl carbonyl
group (8¢ 195.1). The latter functionality was confirmed by the

presence of the band at 1676 cm™' in the IR spectrum and a
signal at & 10.17 (1H, s) in the 'H NMR data (Table 1). The
'H NMR data were in agreement with the presence of four
aromatic protons at 8y 7.85 (1H, d, J = 7.6 Hz) and 7.41 (1H,
d, J = 7.6 Hz) and two uncoupled signals at & 9.14 (1H, s) and
7.98 (1H, s). Eight indices of hydrogen deficiency, together
with the correlations observed in the HSQC experiment,
permitted establishment of a tetrasubstituted naphthalene
nucleus. The position of the formyl group was established
according to HMBC correlations of the formyl proton dy 10.17
(1H, s) with C-1 (8c 127.1) and C-9 (8. 131.6). A methine
signal at &y 3.80 (1H, hept, ] = 6.8 Hz) coupled with two
methyl groups at 6y 1.42 (6H, d, ] = 7.2 Hz) is characteristic for
an isopropyl group, which was placed at C4 due to the
correlation of H-11 with C-4 and C-3 in the HMBC experiment
establishing the cadinane-type skeleton. This arrangement was
confirmed by single-crystal X-ray crystallographic analysis
(Figure 1), and 1 was named 7-hydroxy-14-cadalenal.

Figure 1. ORTEP drawing of the X-ray crystal structure of 1.

Compound 2 was obtained as pink crystals. A molecular
formula of C;sH,,0, was assigned from its *C NMR data and
by the HRESIMS spectrum, which exhibited a protonated

Table 1. NMR Spectroscopic Data (400 MHz, CDCl,, 6 in ppm) for Compounds 1—4

1 2 3 4
position  Jy (] in Hz) O, type 8y (J in Hz) B, type 8y (J in Hz) 8, type 8y (J in Hz) 8¢, type
1 1271, C 1266, C 1320, C 1315, C
2 7.85, d (7.6) 1392, CH 198, brd (6.0) 322,CH, 5.2, brt (3.6) 1256,CH 589, td (32, 12) 127.7, CH
3 7.41,d (7.6) 1187, CH  a 1.690" 217,CH, 2.06, br d (16) 260,CH, 242, m 25.6, CH,
B 1.269"
4 1536, C 1194 444,CH 166, m 444, CH 248 m 4.1, CH
s 7.98, s 1254, CH  7.13,brs 1451, CH 730, br d (2.4) 1408, CH 7.3, br d (20) 130.1, CH
6 1279, C 129.8, C 127.5, C 126.6, C
7 156.8, C @250, br dd (17.2, 54)  260,CH, 304, m 255, CH, 795, dd (8.0, 2.0) 1287, CH
£ 2.195¢
8 9.14, s 1079, CH  «a 2.7«')9, ddd (132, 54, 263,CH, 571, brt (44) 1169, CH 729, d (80) 122.8, CH
2.0
B 187, br t (13.2)
9 1316, C 1278, C 1354, C 1409, C
10 1278, C 273, br d (8.0) 406,CH  2.86, m 387, CH 139.3, C
11 3.80, hept 294, CH  2.108" 270, CH 223, hept d (658, 267, CH 192, hept d (13.6, 304, CH
(6.8) 3.6) 5.8)
12 142,d(72) 235, CH, 099, d (63) 216, CH, 095, d (6.8) 210,CH, 090, d (6.8) 20.3, CH,
13 142,d (72) 235, CH, 083, d (6.8) 159, CH, 090, d (6.8) 151, CH, 051, d (6.8) 21.4, CH,
14 1017,s 1951, CH 1663, s 187, CH; 182, brd (1.2) 19.5, CH; 206, s 19.1, CH,
15 250, s 17.2, CH, 1728, C 1721, C 1724, C
“Overlapped signals.
2635 DOl: 10.1021/acsjnatprod.5b00571
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molecular ion at m/z 235.16880 [M + H]" (calcd for C, SHHOgs

235.16980). The IR spectrum showed absorption bands for a
hydroxycarbonyl group (3526, 2930, 1686 cm™"), confirmed by
the signal in the "C NMR spectrum at 5. 172.8. The '"H NMR
spectrum showed the same characteristic signals for an
isopropyl group observed in 1 (Table 1) [a methine signal
dy 2.108 (1H, m) correlated with two methyl groups &, 0.99
(3H, d, J = 6.8 Hz) and 5y 0.83 (3H, d, ] = 6.8 Hz) in the
COSY experiment]. The >C NMR data of 2 (Table 1) showed
15 carbon resonances, which were categorized as three methyls
(6c 21.6, 18.7, 15.9), four methylenes (5. 32.2, 26.3, 26.0,
21.7), four methines (three aliphatic, - 44.4, 40.6, 27.0, and
one vinylic, 6c 145.1), three quaternary carbons (6 129.8,
127.8, 126.6), and a hydroxycarbonyl group (5. 172.8), by
analysis of DEPT data. Five indices of hydrogen deficiency for
this cnmpound, compa_red to 1, indicated a h_igher degree of
hydrogenation, thus establishing an unsaturated decalin system
instead of a naphthalene nucleus. The vinylic proton observed
in the '"H NMR spectrum at 8y 7.13 (1H, br s) was located in
the f# position with respect to the hydroxycarbonyl group, based
on the correlation observed in the HMBC experiment.
Unsaturation between C-1 and C-9 was determined according
to HMBC correlations of the C-14 methyl group and both
quaternary vinylic carbons. The proposed structure for
compound 2 was confirmed by single-crystal X-ray crystallo-
graphic analysis (Figure 2). The trans orientation of H-4 and H-

Figure 2. ORTEP drawing of the X-ray crystal structure of 2. The
ORTEP diagram represents the correct enantiomer defined by the
Flack parameter, —0.12(13).

10 was evidenced after crystallographic analysis because
overlapping signals in the 'H NMR spectrum prevented
calculating coupling constants for those hydrogens. The
experimental ECD spectrum of 2 displayed negative and
positive Cotton effects (CEs) at 238 (Ae = —3.81) and 217 nm
(Ae = +12.26), respectively, associated with a 7—z* transition
of an a,ff-unsaturated carboxylic acid moiety. This curve, with
characteristic Davydov-split CEs, made evident the chiral
interaction between two isolated but spatially close chromo-
phores, according to the exciton chirality method, which has
been extended for determining the absolute configuration of
molecules with carbonyl™ and olefinic”' chromophores. For
compound 2 a negative chirality (M-helicity) is expected if the
electric transition moment vectors of the two interacting
chromophores, ie., the a,f-unsaturated carboxylic acid moiety
and the C-1—C-9 double bond, were oriented in a left-handed
corkscrew fashion (Figure 3). The experimental ECD spectrum
of 2 showed a negative first CE at 238 (Ae = —3.81); thus the
absolute configuration of 2 was assigned as 4R,10S. This
assignment agreed with that reported for frullanic acid, a
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Figure 3. Exciton chirality of the two possible enantiomers for
compound 2 (the 4R10R enantiomer and its mirror image were
discarded after establishing the trans orientation of H-4 and H-10
applying crystallographic analysis).

cadinane-type sesquiterpenoid isolated from Frullania serrata.”
Indeed, although the chromophores present in frullanic acid are
different from those of compound 2, its ECD spectra displayed
quite similar CEs. To corroborate the 4R,10S assignment,
nonempirical calculations using the 7-electron SCF-CI-DV MO
method (see the Experimental Section) were performed. The
calculated ECD spectrum for the (4R,10S)-stereoisomer of 2
(Figure 4) closely matched the experimental results. Therefore,
the structure of compound 2 was established as (4R,10S)-
2,3,4,7,8,10-hexahydrocadalen-15-oic acid.

Compound 3 was isolated as colorless crystals. Its molecular
formula was determined as C;;H,,0, by HRESIMS, from the
protonated molecular ion at m/z 233.15330 [M + H]" (calcd
for C,sH,,0,, 233.15415) and by the *C NMR data. 'H and
3C NMR spectroscopic data (Table 1) showed some
similarities to those of compound 2, with characteristic signals
for an isopropyl and a hydroxycarbonyl (8¢ 172.1) group. Six
indices of hydrogen deficiency indicated the existence of a
decalin system with three double bonds and the hydrox-
ycarbonyl group. One of the three vinylic hydrogens in the 'H
NMR spectrum at 8 7.30 (1H, br d, ] = 2.4 Hz) was located in
the f# position with respect to the a,f-unsaturated carboxylic
acid moiety, because of its downfield chemical shift. The two
remaining olefinic hydrogens at y 5.71 (1H, br t, ] = 44 Hz)
and 5.62 (1H, br t, ] = 3.6 Hz) were located adjacent to
methylene carbons based on the observed multiplicity. The
HMBC correlation of the three vinylic protons (H-5, H-8, and
H-2) with the quaternary vinylic carbons (C-6, C-9, and C-1,
respectively) determined the positions of the double bonds. X-
ray diffraction data confirmed the proposad structure for 3
(Figure S). The consistency of the ECD data of 3 with those of
2 suggested the same absolute configuration at the C-4 and C-
10 stereocenters. The most significant CEs observed in the
experimental ECD spectrum of 3 were at 243 nm (Ae = —1.76)
and 212 nm (Ae = +13.19), in close proximity to those for 2
(Pigure 4). The calculated ECD spectrum for the (4R,10S)-
stereoisomer of 3 (Figure 4) showed an excellent fit with the
experimental data. Therefore, compound 3 was named
(4R,108)-3,4,7,10-tetrahydrocadalen-15-oic acid. Interestingly,
the specific rotations of compounds 2 and 3 were similar in
magnitude but opposite in sign, [a]*, =75 (¢ 0.1, MeOH) and
[a]®p +744 (c 0.1, MeOH), respectively, a remarkable
observation for two compounds with a high degree of structural
similarity and with the same configuration at their stereo-
centers. Comparison of the specific rotations may suggest that
the configuration of one or both stereocenters for 3 might be
opposite of that for 2. To clarify these findings, the rotations
were calculated using the Gaussian 09 package (see the

DOI: 10,1021 /acs jnatprod 5h00571
L Nat. Prod. 2015, 78, 2634—-2641



Journal of Natural Products

a) 100 26 B
— Compound(2)-Exp — Compound(4)-Exp
— Compound(3)-Exp — Compound(5)-Exp
Compound(2)-Cale - Compound{4)-Calc
50 [ Compound(3)-Calc — Compound(5)-Calc
= =
@ &
o °
E o E
o ]
5] J &}
\ ,l" \
W/ /
-850
qoo b e . PR (R SN TN Y N T S RRY TN N S TP
200 250 300 350 400 200 250 300 350 400

wavelength A [nm]

wavelength A [nm]

Figure 4. Calculated ECD spectra of (2) 2 (4R,105)- and 3 (4R,105)-isomers and (b) 4 (4R)- and § (1R,4R)-isomers and comparison with their
respective experimental ECD spectra. The calculation was performed with the m-electron SCF-CI-DV MO method.

Figure 5. ORTEP drawing of the X-ray crystal structure of 3. The
ORTEP diagram represents the correct enantiomer defined by the
Flack parameter, —0.20(3).

Experimental Section). The depicted configurations for 2 and 3
gave rotations with similar signs and approximate magnitudes
to the experimental values [calculated specific rotation for
compounds 2 and 3 with the 4R,10S configurations: [a]®p
—84.05 (MeOH) and [a]®, +97.75 (MeOH), respectively].
To corroborate these absolute configuration assignments, the
results were further checked by refinement of the Flack
parameter using anomalous X-ray scattering from the oxygen
atoms. The parameters for the absolute configuration were
—0.12(13) and —0.20(3) for compounds 2 and 3, respectively,
i.rldicati.ng that the depicted formulas represent the correct
enantiomers and confirmed that two closely related structures
with the same orientations on their stereocenters and similar
ECD spectra may display opposite specific rotation values. This
outcome emphasizes the need for proper analysis of the results
of chiroptical experiments before outlining conclusions about
the absolute configuration of a molecule. Importantly, the
reliability of the m-electron SCF-CI-DV MO method for
determining absolute configuration was evidenced because it
provided the same findings as those derived via X-ray
crystallographic analysis.

Compound 4 was isolated as a white powder. Its molecular
formula was established as C;sH,;O, based on analysis of the
HRESIMS protonated molecular ion at m/z 231.13759 [M +
H]* (caled for C;3H 405, 231.13850) and “C NMR data. The
'H and ®C NMR data (Table 1) displayed characteristic
resonances that implied that 4 was also a cadinane-type
sesquiterpenoid with a hydroxycarbonyl group. Seven indices of
hydrogen deficiency were attributed to a dihydronaphthalene
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framework and a carbonyl group. Three signals were observed
in the aromatic region of the 'H NMR spectrum, with coupling
constants that denoted an ABX system: §y 7.95 (1H, dd, ] = 8.0
Hz, ] = 2.0 Hz), 3., 7.83 (1H, br d, ] = 2.0 Hz), 5, 7.29 (1H, d,
J = 8.0 Hz). The HMBC correlation of the carbonyl carbon and
H-5 and H-7 defined the location of the hydroxycarbonyl
group. Unsaturation at C-1 was evidenced by the HMBC
correlation of the vinylic proton at 6y 5.89 (1H, td, ] = 3.2, 1.2
Hz) with the 14-methyl carbon. The experimental ECD
spectrum of 4 displayed CEs at 206 (Ae = +3.14), 215 (Ae
—3.33), 232 (Ae = —5.82), and 282 (Ae = +1.08) nm, similar
to those for the calculated ECD spectrum of the (4R)-
stereoisomer (Figure 4). Therefore, the structure of compound
4 was defined and named (4R)-3,4-dihydrocadalen-15-oic acid.

Reisolation of the known compound 1-hydroxy-1,2,3,4-
tetrahydrocadalen-15-oic acid (5) as crystals suitable for X-ray
crystallographic analysis allowed the determination of its
absolute configuration. The Flack parameter, —0.01(3),
determined an a-orientation for the C-4 iPr group and a
trans orientation of OH-1 and H-4; thus the stereogenic
carbons were defined as (1R,4R) (Figure 6). The consistency of

Figure 6. ORTEP drawing of the X-ray crystal structure of 5. The
ORTEP diagram represents the correct enantiomer defined by the
Flack parameter, —0.01 (3).

the experimental and calculated ECD spectra for the 1R 4R-
stereoisomer confirmed those assignments (Figure 4). Com-
pound S has previously been isolated from Heterotheca latifolia
as two C-1 epimers, and their relative configurations were
assigned by the chemical shift differences for H-4, assuming
that in the "H NMR spectrum of the cis-oriented OH-1 epimer
the H-4 signal should have shifted downfield (in comparison

DOI: 10.1021/acs.jnatprod 5b0057 1
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with the trans-isomer).” Nevertheless, the H-4 chemical shift
and multiplicity reported in ref S for the OH-1 cis-oriented
epimer (Jy 2.69) were the same as those for compound §,
reisolated from H. inuloides,’ for which a trans orientation of
OH-1 and H-4 was established by X-ray crystallographic
analysis. Because the iPr-4 a-orientation in compound 5 was
evidenced by X-ray data, the established absolute crmﬁguraﬁon
for compound 4 was corroborated, by considering that even
though the matching of the experimental and calculated ECD
spectra for this molecule is acceptable, there may be doubt
about the position and relative intensity of CEs. Thus, alcohol §
was dehydrated using p-toluenesulfonic acid to obtain
compound 4. The 'H NMR spectrum of the reaction product
was the same as that for the natural product 4, and their ECD
spectra were identical (Figure S27, Supporting Information);
therefore &IB 4R aSSigﬂmEl'lt was COﬂﬁ!TnEd.

Biogenetically, compounds 2—4 may be considered in the
biosynthetic pathway that increases the degree of unsaturation
of the bicyclic system, and the final hydration at C-1 in
compound 4 afforded 5. A cadinane skeleton with 1,9 and 5,6
double bonds observed for compound 2 had been previously
reported for d-cadinene, with the only difference being the
oxidation state at C-15.

Experimental evidence has established that (+)-8-cadinene is
an early intermediate involved in the biosynthesis of cadinane
sesquiterpenoids of Gossypium hirsutum, including 7-hydrox-
ycadalene and 7-hydroxy-3,4-dihydrocadalene (also isolated
from H. inuloides).”** The absolute configuration of (+)-5-
cadinene from G. hirsutum has been established as (4S,10R).”
Compound 2 [(—)-(4R,10S)-6-cadinene-15-oic acid], isolated
from H. inuloides, showed the opposite configuration of that
observed for (+)-8-cadinene from G. hirsutum. Thus, these
findings were in agreement with previous results that
established that the configuration of (+)-(4S)-7-hydroxy-3,4-
dihydrocadalene [(+)-3-hydroxy-a-calacorene] from G. hirsu-
tum is the opposite of that of the compound isolated from H.
inuloides.” The 4R configuration has also been recently proven
for inuloidin, a cadinene isolated from H. inuloides.>®

X-ray crystal structures of the known compounds 4-
methoxyisocadalene (6) and 3,7-dihydroxy-3(4H)-isocadalen-
4-one (7) (not previously reported) were determined and are
shown in Figures 7 and 8, respectively.

Results derived from the present study in comparison with
the previous one’ suggest that the metabolic variability of this
species is associated with the morphophysiological condition of
the plant. In the present research, the plant material was
composed of fresh nonflowering branches with juvenile leaves
that sprouted from pruned plants. Exhaustive fractionation of

Figure 7. ORTEP drawing of the X-ray crystal structure of 6.

27
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Figure 8. ORTEP drawing of the X-ray crystal structure of 7.

its acetone extract did not lead to the isolation of 7-
hydroxycadalene and (4R)-7-hydroxy-3,4-dihydrocadalene, the
major constituents previously found in flowering aerial parts
collected in the same locality (and also collected during the end
of the growing season) where the plant material studied in the
present investigation was obtained.” Correlation between the
concentration of some sesquiterpenoids and the morphophy-
siological conditions of H. inuloides has been previously
demonstrated.””

Compounds 1—8 were evaluated as anti-inflammatory agents
using the TPA-induced ear edema model. None of the tested
compounds showed an [Csg < 1 grmol/ear (percentage values of
inhibition on TPA-induced mouse ear edema are included in
the Experimental Section). Therefore, the anti-inflammatory
properties attributed to this species in folk medicine could not
be related with the presence of these eight metabolites, due
their relative low abundance and moderate activity. In previous
studies performed with plant material having different
morphophysiological conditions, different metabolites with
higher anti-inflammatory activity were isolated.”

In summary, four new (1—4) and four known (5—8)
cadinane sesquiterpenoids were isolated from the aerial parts of
H. inuloides. The absolute configurations of compounds 2—5§
were established by comparison of their experimental and
calculated ECD spectra and were confirmed by single-crystal X-
ray crystallographic diffraction. The finding that all compounds
having a stereogenic center at C-4 with the same configuration
supporls previous studies regarding the configurations of
cadinane sesquiterpenoids from H. inuloides and permitted
the conclusion that this species biosynthesizes one enantio-
meric series. In vivo anti-inflammatory studies revealed that
some of these metabolites exhibit moderate activity.

B EXPERIMENTAL SECTION

General Experimental Procedures. Melting points were
determined in a Fisher-Johns apparatus (Cole Parmer). Optical
rotations were measured using a PerkinElmer 343 polarimeter
(MeOH, ¢ in g/100 mL). UV spectra were taken on a Shimadzu
UV—visible recording spectrophotometer. ECD spectra were obtained
on a JASCO J-720 spectropolarimeter. IR spectra were recorded on a
Bruker Tensor 27 spectrometer. 'H and “C NMR spectra were
recorded on a Bruker Avance III, 400 MHz NMR instrument.
Chemical shifts are reported in parts per million (§) relative to TMS,
and coupling constants (J) are reported in Hz. The HRMS data were
recorded on a Jeol The AccuTOF JMS T100LC system with a direct
analysis in real time ESI+ ionization mode. X-ray data were collected
using a Bruker Smart Apex CCD diffractometer (compounds 1 and 7)
or a Bruker D8 Venture x-geometry diffractometer (compounds 2, 3,
S, and 6). Column chromatography was carried out using spherical
silica gel with pore size 60 A and 230—400 mesh particle size. TLC was
performed using Merck silica gel 60 F, plates (0.2 mm) visualized
with either a UV lamp (254 and 365 nm) or a charring solution (12 g
of ceric ammonium sulfate dihydrate, 22.2 mL of concentrated H,SO,,
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and 350 g of ice). PLCs were done employing Merck silica gel 60 F,28

glass plates (2 mm).

Plant Material. Aerial parts of H. inuloides (leaves and stems,
material without flowers) were collected in Atlixco, Puebla, México, in
October 2012 and identified by Edelmira Linares and Robert Bye.
Voucher specimens (collection of E. Linares 2751 and R. Bye) were
deposited in the National Herbarium (MEXU), Instituto de Biulogfa
de la Universidad Nacional Autonoma de Meéxico.

Extraction and Isolation. The dried and powdered plant material
(4.47 kg) was extracted by maceration with acetone (3 times/24 h).
The solvent was evaporated under vacuum to afford 235.9 g of extract,
which was subjected to separation processes by vacuum liquid
chromatography on silica gel using a hexanes—EtOAc gradient as
mobile phase. As a result of the primary fractionation, 15 fractions
were obtained (A—Q). Fraction B (eluted with hexanes—EtOAc, 98:2)
was subjected to a partition using MeOH in order to remove waxes.
The MeOH-soluble fraction (64.7 mg) was purified by TLC using
hexanes—EtOAc (98:2) to obtain 4.6 mg of 4-methoxyisocadalene™
(6): mp 58—60 °C; *C NMR (CDCly, 100 MHz) ¢ 150.2 (C, C-4),
136.3 (C, C-3), 135.3 (C, C-6), 130.7 (C, C-9), 130.3 (C, C-1), 1283
(C, C-10), 127.5 (CH, C-7), 124.5 (CH, C-8), 124.3 (CH, C-2), 121.8
(CH, C-5), 62.5 (CH;, C-16), 26.4 (CH, C-11), 23.8 (CH,, C-12),
23.8 (CH,, C-13), 22.0 (CH;, C-15), 19.4 (CH;, C-14); UV (MeCN)
Amallog €) 235 (4.32), 253 (3.10), 292 (3.39) nm. From fraction D
(eluted with hexanes—EtOAc, 95:5) was obtained 3f-friedelinol™
(3462 mg). This compound had not been previously described as a
constituent of H. inuloides. Fraction E (8.9 g, eluted with hexanes—
EtOAc, 95:5) was rechromatographed by VLC on silica gel using
mixtures of hexanes—EtOAc as eluent, to give 13 subfractions (E1-
E13). From subfraction E-7 was obtained 2 (9.0 mg) through
crystallization from hexanes. Purification of subfraction E-8 was
performed by TLC using CH,Cl,—MeOH (99:1), yielding a mixture
of @-amyrin and f-amyrin (162 mg).”""" Fraction F (5.6 g, eluted
with hexanes—EtOAc, 95:5) was subjected to silica gel column
chromatography eluting with a gradient of hexanes—FEtOAc to give
eight subfractions (F1—F8). From subfraction F-§ was obtained 1 (5.8
mg) through recrystallization from hexanes. Subfraction F-6 (46.9 mg)
was purified by TLC using benzene—EtOAc (94:6), affording 1-
hydroxy-1(4H)-isocadalen-4-one*** (8) (3.6 mg). *C NMR and UV
spectroscopic data for 1-hydroxy-1(4H)-isocadalen-4-one (not pre-
viously reported): *C NMR (CDCl,, 100 MHz) 6. 184.3 (C, C-4),
1452 (CH, C-2), 144.1 (C, C-9), 143.2 (C, C-3), 138.0 (C, C-6),
133.8 (CH, C-7), 129.6 (C, C-10), 127.0 (CH, C-5), 126.0 (CH, C-8),
68.1 (C, C-1), 309 (CH;, C-14), 26.3 (CH, C-11), 21.8 (CH;, C-12),
21.8 (CH;, C-13), 21.1 (CH;, C-15); UV (MeOH) 4. (log &) 210
(4.05), 226 (3.80), 235 (3.83), 243 (3.81), 249 (3.82), 267 (3.65), 275
(3.67) nm.

From fraction G (eluted with hexanes—EtOAc, 95:5) was obtained
a-spinasterol’** (349 mg) through recrystallization from hexanes.
Fraction H (8.5 g, eluted with hexanes—EtOAc, 93:7) was submitted
to VLC using a hexanes—EtOAc gradient as mobile phase to obtain 13
subfractions (H1—H13). Subfraction H-13 was rechromatographed by
VLC using mixtures of hexanes—EtOAc to give 14 subfractions (H-
13a—H13n). From subfraction H-13c was obtained 4 (43 mg), which
was an unstable compound. Fraction I (9.7 g, eluted with hexanes—
EtOAc, 90:10) was subjected to silica gel column chromatography
eluting with a gradient of hexanes—EtOAc, to give 25 subfractions
(11-125). From subfractions 1-9, I-18, and 1-23 were obtained 3 (4.1
mg), 3,7-dihydroxy-3(4H)-isocadalen-4-one” (7) (5.8 mg), and 7,3’
di-O-methyleriodictyol ™ (3.7 mg), respectively, through recrystalliza-
tion from iPr,O—hexanes. From fraction | (eluted with hexanes—
EtOAc, 85:15) was obtained 3,7,3',4'-tetra-O-methylquercetin™ (1.6
mg) via recrystallization from iPr,O—hexanes. This fraction was
further purified by VLC using a hexanes—EtOAc gradient as mobile
phase to afford 21 subfractions (J1—J21). From subfractions J12 and
J16 were isolated 1-hydroxy-1,2,3,4-tetrahydrocadalen-15-oic acid™
(5) (19.4 mg) and 3,7,3'-tri-O-methylquercetin®™ (2.3 mg),
respectively, by recrystallization from EtOAc—hexanes. From fractions
K (eluted with hexanes—EtOAc, 65:35) and O (eluted hexanes—
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EtOAc, 2:8) were obtained quercetin ¥ (108 g) and a-spinasteryl fi-p-
glucopyranoside™ (533 mg), respectively.

7-Hydroxy-14-cadalenal (1): yellow crystals; mp 153—155 °C; R,
0.51 (hexanes—EtOAc, 80:20); UV (MeCN) A, (log £) 207 (4.34),
235 (4.59), 280 (3.42), 322 (3.94), 336 (3.85), 355 (3.93) nm; IR
(CHCL) v,... 3581, 3270, 2968, 2928, 2744, 1676, 1577, 1462, 1243,
1227 em™; 'H and “C NMR (see Table 1); HRESIMS m/z
229.12229 [M + H]" (caled for C;(H;,0,, 229.12285).

(4R, 105)-6-Cadinen-15-oic acid (2): Emk crystals; mp 119-121 °C;
Ry 0.44 (hexanes—EtOAc, 75:25); [a]™p =75 (c 0.1, MeOH); UV
(MeOH) 4, (log &) 213 (5.22) nm; ECD (MeOH) 217 (Ae
+12.26), 238 (Ae = —3.81); IR (CHCL,) v, 3526, 3041, 3008, 2962,
2930, 2871, 1686, 1640, 1431, 1286, 1233 cm™'; 'H and *C NMR
(see Table 1); HRESIMS m/z 235.16880 [M + H]* (caled for
CsH,,0,, 235.16980).

(4R, 10S)-3,4,7,10-Tetrahydrocadalen-15-oic acid (3): colorless
arystals; mp 103-105 °C; R, 0.38 (hexanes—EtOAc, 75:25); [a]®y
+744 (c 0.1, MeOH); UV (MeOH) 4_. (log £) 221 (4.21), 264
(3:23), 288 (3.36) nm; ECD (MeOH): 212 (Ae = +13.19), 243 (Ae =
—1.76), 263 (Ae = —1.62), 296 (A& = +0.21); IR (CHCL;) v, 3524,
3023, 2963, 2930, 2874, 1695, 1272, 1221 cm™’; 'H and P°C NMR
(see Table 1); HRESIMS m/z 233.15330 [M + H]* (caled for
CysHay Oy, 233.15415).

(4R)-3,4-Dihydrocadalen-15-oic acid (4): white powder; R, 0.31
(hexanes—EtOAc, 80:20); [a]*p +11.8 (¢ 0.25, MeOH); UV
(MeOH) 4,.(log £) 206 (4.16), 219 (4.00), 228 (4.03), 256
(3.49), 289 (3.82) nm; ECD (MeOH) 206 (Ae = +3.14), 215 (Ae =
—3.33), 232 (Ae = —5.82), 282 (Ae = +1.08); IR (CHCL,) v, 3589,
3522, 2929, 2857, 1695, 1425, 1271 cm™; 'H and “C NMR (see
Table 1); HRESIMS m/z 23113759 [M + H]* (caled for C,;H,,0,,
231.13850).

Dehydration of Compound 5. Compound 5 (16.0 mg) was
dissolved in EtOAc (2 mL) and placed in a 10 mL flask under a N,
atmosphere. p-Toluenesulfonic acid (9.8 mg) dissolved in EtOAc (2
mL) was added, and the reaction mixture was heated with stirring at
70 °C for 1 h. TLC purification (hexanes—EtOAc, 70:30, two elutions)
afforded 4 (4.9 mg) (for NMR data see Figure S2S, Supporting
Information).

Mouse Ear Inflammation Model. The in vivo anti-inflammatory
activity was measured using the 12-O-tetradecanoylphorbol 13-acetate
(TPA)-induced ear edema model.”*® The mice employed in these
determinations were treated according the Mexican Official Norm
MON-062-700-1999. Compounds 1—8 showed the following anti-
inflammatory activities (% inhibition of edema, 1 pmol/ear): 1, 43.14
+ 8.09; 2, 21.51 + 6.99; 4, 12.93 + 0.48; 6, 15.32 + 1.95; compounds
S, 7, and 8 displayed similar activities to those already rep(}rted," and
compound 3 did not display activity.

ECD Computational Calculations. An initial systematic con-
formational search of a given molecule was carried out by using the
MMFF94 molecular mechanics force-field method, taking the solvent
effect (MeOH) into consideration. The ECD and UV spectra for
compounds 2—5 were calculated by the z-electron SCF-CI-DV MO
method using the program CONFLEX.*"** For multiple conformers,
an overall ECD spectrum was generated on the basis of Boltzmann
weighting of individual conformers applying a shift based upon the
difference between observed and calculated UV spectra. In the
calculation of CD and UV spectra, the component CD and UV bands
were approximated by the Gaussian distribution. This procedure was
“tested” on the (—)-(4R)-7-hydroxy-3,4-dihydrocadalene [(—)-3-
hydroxy-a-calacorene] (Figure $26, Supporting Information) also
isolated by our research group from H. inuloides and whose absolute
structure was previously determined independently.”

Specific Rotation Calculation. For compounds 2 and 3 the
specific rotation were calculated using the Gaussian 09 package for the
major conformers at the B3LYP/6-31G+(d) level with a PCM
(MeQH) solvent model.

X-ray Crystal Structure Analysis. Crystals of compounds 2, 3, §,
and 6 were obtained upon slow evaporation. In each case a colorless
crystal was mounted on the goniometer of a Bruker D8 Venture k-
geometry diffractometer operating with Cu Ka radiation (4 = 1.54178

DOI: 10,1021 /acs jnatprod.5b00571
A Nat. Prod. 2015, 78, 26342641
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A). The data collection routine, unit cell refinement, and data29

processing were carried out with the program APEX2.41. The
structures were solved using SHELXS and refined using SHELXL-
2014/7.42. The final refinement model involved anisotropic displace-
ment parameters for non-hydrogen atoms. A riding model was used
for the C-attached alkyl hydrogens. Hydrogen atom positions and
isotropic displacement parameters were refined independently for the
hydroxyl groups that are potentially involved in hydrogen bonding.
The absolute configurations were established from anomalous
dispersion effects.”” Crystals of compounds 1 and 7 were mounted
on the goniometer of a Bruker Apex CCD diffractometer operating
with Mo Ka radiation (1 = 0.71073 A). The same procedure
described above was followed except for the absolute configuration
stage; every time the structures proved to be centrosymmetric.

Crystal data of 7-hydroxy-14-cadalenal (1): colorless, prism,
C,H,,0, M = 228.28, monodlinic, crystal size = 0454 X 0291 X
0.080 mm, a = 13.3320(3) A, b = 9.8598(2) A, ¢ = 9.7860(2) A, a =
90°, f# = 106.6900(10)°, y = 90°, V = 1232.19(5) A%, T = 298(2) K,
space group P2,/c, Z = 4, D4 = 1.231 mg,c‘m“, A(Mo Ka) = 0.71073
£ reflections collected = 10405, independent reflections = 2257
[R(int) = 0.0609]. Final R indices for I > 2a(I), R, = 0.0444, wR, =
0.1000, R indices for all data R, = 0.0850, wR, = 0.1195.

Crystal data of (4R,10S)-d-cadinen-15-oic acid (2): colorless,
lamina, C,5H;,0,, M = 234.32, monocdlinic, crystal size = 0.277 X
0.155 X 0.045 mm, a = 8.5137(3) A, b = 17.2957(6) A, c = 9.8501(4)
A, @ =90° B =105760(3)°, 7 = 90°, V = 1395.90(9) A’ T = 298(2)
K, space group P2,, Z = 4, D_j; = 1.115 mg/m?, A(Cu Ka) = 1.541 78
A, reflections collected = 47 866, independent reflections = 47 866
[R(int) = 0.0740]. Final R indices for I > 2a(I), R, = 0.0742, wR,
0.1582, R indices for all data R, = 0.1353, wR, = 0.1899, Flack
parameter = —0.12(13).

Crystal data of (4R,105)-3,4,7,10-tetrahydrocadalen-15-oic acid
(3): colorless, prism, C;sH;0, M = 232.31, monoclinic, crystal size =
0.142 X 0.071 X 0.028 mm, a = 7.8341(10) A, b = 17.4486(19) A, c =
9.8795(14) A, @ = 90°, ff = 90.053(10)°, y = 90°, V = 1350.5(3) A>, T
=298(2) K, space group P2,, Z = 4, D_; = 1.143 mg/m’, (CuKa) =
1.541 78 A, reflections collected = 44 021, independent reflections =
5379 [R(int) = 0.1516]. Final R indices for I > 26(I), R, = 0.0793, wR,
= 0.1895, R indices for all data R, = 0.1638, wR, = 0.2435, Flack
parameter = —0.2(3).

Crystal data of (1R.4R)-1-hydroxy-1,2,3,4-tetrahydrocadalen-15-
oic (5): colorless, prism, C;sH,003, M = 248.31, orthorthombic, crystal
size = 0.316 X 0.304 X 0.112 mm, a = 8.6779(3) A, b = 11.2141(4) A,
c=14.2388(6) A, @ = 90°, f = 90°, y = 90°, V = 1385.65(9) A*, T =
298(2) K, space group P2,2,2,, Z = 4, Dy = 1.190 mg/m’, (Cu Ka)
= 1.541 78 A, reflections collected = 19 806, independent reflections =
2882 [R(int) = 0.0240]. Final R indices for I > 26(I), R, = 0.0425, wR,
= 0.1202, R indices for all data R, = 0.0439, wR, = 0.1223, Flack
parameter = —0.01(3).

Crystal data of 4-methoxyisocadalene (6): colorless, prism,
C¢Hy0, M = 22832, orthorhombic, crystal size = 0.295 X 0.167 X
0.094 mm, a = 8.725(3) A, b= 10.012(3) A, c = 15.541(4) A, @ = 90°,
B =90°% y = 90° V = 1357.5(7) A% T = 298(2) K, space group
P2,2,2), Z = 4, Dy = L117 mg/m’, A(Cu Ka) = 154178 A,
reflections collected = 23 861, independent reflections = 2771 [R(int)
= 0.0873). Final R indices for I > 20(I), R, = 0.0450, wR, = 0.1149, R
indices for all data R, = 0.0643, wR, = 0.1281, Flack parameter
0.2(2).

Crystal data of 3,7-dihydroxy-3(4H)-isocadalen-4-one (7): color-
less, platy-prism, C,;H,30;, M = 246.29, monoclinic, crystal size
0.487 X 0.368 X 0.060 mm, a = 82429(3) A, b = 11.4497(4) A, c =
13.7233(5) A, @ = 90°, § = 98.9450(10)°, y = 90°, V = 1279.44(8) A3,
T = 150(2) K, space group P2,/c, Z = 4, Dy = 1.279 mg/m?, A(Mo
Ka) 0.71073 A, reflections collected = 19350, independent
reflections = 2954 [R(int) = 0.0289]. Final R indices for I > 26(I), R,
= 0.0391, wR, = 0.0991, R indices for all data R; = 0.0459, wR,
0.1049.

Crystallographic data for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre
(compounds 1-3 and 5—7 deposition numbers: CCDC 1063660-

2640

CCDC 1063665, respectively). Copies of the data can be obtained,
free of charge, on application to the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: + 44-(0)1223-336033 or e-mail:
deposit@ccde.cam.ac.uk).
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Espectro 20. RMN **C del compuesto 4 (100 MHz, CDCl5).
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Resumen

El efecto de diez sesquiterpenos de tipo cadinano aislados a partir de H. inuloides, sobre
los factores de transcripcion NF-xB, Nrf2 y STAT3, se estudid por primera vez. El
principal constituyente en esta especie, el 7-hidroxi-3,4-dihidrocadaleno (1), mostrd
actividad anti-NF-«B y fue capaz de activar la ruta antioxidante del Nrf2, lo cual puede
explicar las propiedades reportadas en el uso tradicional de esta planta. Ademas del
metabolito mayoritario, otro compuesto estructuralmente similar, el 7-hidroxi-cadaleno
(2), también mostré actividad anti-NF-xB. Por lo tanto, estos compuestos naturales se
utilizaron en la preparacion de un grupo de derivados semisintéticos que incluyen

ésteres y carbamatos. La actividad antiproliferativa in vitro de estas sustancias fue
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evaluada sobre seis lineas celulares de cancer humano. Los derivados de tipo carbamato
32 y 33 mostraron una potente actividad inhibidora de la proliferacion sobre células de
adenocarcinoma colorrectal (ICsp 0.03+£0.01 uM y 3.88+0.5uM, respectivamente) y una
selectividad notable sobre células cancerosas. Entre los derivados de tipo ester, el
compuesto 13 desarrollé una mayor actividad en la inhibicion del NF-kB y activacion
del Nrf2, que el producto natural originario 7-hidroxi-3,4-dihydrocadaleno (1). Este
compuesto también disminuye los niveles de fosfo-lkBa, un complejo proteinico
involucrado en la activacion de la via de sefializacion del NF-kB. Estudios teoricos de
reconocimiento molecular sugieren que todos los compuestos activos interactian con
los sitios de activacion de la subunidad IKKp del complejo IKK, el cual es responsable

de la fosforilacion del IkBa.
Abstract

The effect of ten natural cadinane sesquiterpenoids isolated from Heterotheca inuloides,
on NF-«kB, Nrf2 and STAT3 transcription factors, was studied for the first time. The main
constituent in this species, 7-hydroxy-3,4-dihydrocadalene (1), showed anti-NF-«B
activity and activated the antioxidant Nrf2 pathway, which may explain the properties
reported for the traditional use of the plant. In addition to the main metabolite, a
structurally similar compound, 7-hydroxy-cadalene (2), also displayed anti-NF-kB
activity. Thus, both natural compounds were used as templates for the preparation of a
novel semi-synthetic derivative set, including esters and carbamates, which were
evaluated for potential in vitro antiproliferative activity against six human cancer cell lines.
Carbamate derivatives 32 and 33 were found to exhibit potent activity against human
colorectal adenocarcinoma and showed important selectivity on cancer cells. Among
ester derivatives, compound 13 was determined to be more potent NF-xB inhibitor and
Nrf2 activator than its parent 7-hydroxy-3,4-dihydrocadalene (1). Furthermore, this
compound decreases levels of phospho-lkBa, a protein complex involved in the NF-kB
activation pathway. Molecular simulations suggest that all active compounds interact
with the activation loop of the IKKP subunit at the IKK complex, which is the

responsible of IxBa phosphorylation.

Key words: Heterotheca inuloides, cadinanes, transcription factors, semisynthesis,

antiproliferative activity.
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1. Introduction

The relationship between inflammation and the development of cancer is now widely
accepted. Although this connection could be complicated, evidence suggests that long-
standing inflammation predisposes one to cancer.™? Furthermore, the molecular pathways
that link inflammation and cancer are now known. These extrinsic and intrinsic pathways
converge resulting in the activation of transcription factors in tumor cells, mainly nuclear
factor-«B (NF-xB), signal transducer and activator of transcription 3 (STAT3) and
hypoxia-inducible factor 1a (HIF10).® Activation of NF-kB in inflammatory cells leads to
the production of secreted factors that enhance the growth, survival and vascularization of
carcinoma cells.** STAT3 is considered one of the most promising new targets for cancer
therapy. Its activation in tumor cells and the tumor microenvironment promotes cell
proliferation, survival and invasion, and facilitates cancer development through
inflammation.® Another transcription factor known to play an important protective role in
suppressing oxidative stress and inhibiting carcinogenesis is the Nuclear factor-erythroid 2
p45-related factor 2 (Nrf2). Activation of Nrf2 inhibits inflammation and facilitates the
adaptation by upregulating the repair and degradation of damaged macromolecules.”® The
aforementioned knowledge facilitates the research and development of substances that
target the inflammatory components of the cancer microenvironment. Indeed, several
experimental, epidemiologic, and clinical studies suggest that anti-inflammatory agents are
promising as cancer therapeutics.**

Naturally occurring compounds are a representative group of substances displaying
chemopreventive effects, many of them resulting from anti-inflammatory properties.** It
has been demonstrated that some natural products could exert regulation at a
transcriptional level in the molecular mechanisms involved in inflammation and cancer, so
they represent an interesting source of potentially useful agents for prevention and
therapy.*? Despite the biological activities of many natural products being broadly studied,
the identification of the cellular targets involved in these activities represents a challenge
that could explain the traditional uses of several species in folk medicine.*®

Cadinane-type sesquiterpenoids are secondary metabolites widely distributed in nature and
are considered representative constituents of the species Heterotheca inuloides (Mexican
arnica). This plant is highly regarded in Mexican traditional medicine mainly for the
treatment of inflammatory ailments, motivating investigations of its chemical constituents

and their biological activities."* These sesquiterpenoids have been found to possess anti-
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inflammatory properties,*>*® however, the molecular mechanism associated with their
activity has not been investigated.

Here we report the evaluation of ten natural cadinanes on well-defined targets involved in
inflammation and carcinogenesis, and the semi-synthesis of a derivative set starting
from the active compounds. The cytotoxic effect of derivatives was tested on six human
cancer cell lines and correlated with the inhibition or activation of the NF-xB, STAT3,
and Nrf2 pathways. To understand how these compounds inhibit NF-xB, computational
docking was performed using the crystal structure of a protein involved in the NF-xB

activation pathway.



62

2. Results and discussion

2.1 Isolation and initial biological screening on well-defined targets involved in

inflammation and carcinogenesis

From the aerial parts of H. inuloides, a total of ten sesquiterpene-type metabolites

displaying anti-inflammatory activities,*>*°

were obtained (Figure 1). 7-Hydroxy-3,4-
dihydrocadalene (1) and 7-hydroxy-cadalene (2) were re-isolated by conventional
chromatographic methods (experimental section), and compounds 1-8 were obtained in
previous studies carried out in our laboratory.'® The isolated compounds were tested in
NF-kB, Nrf2 and STAT3-dependent luciferase gene reporter assays, where the amount

of the luciferase gene product reflects the extent of transcription factor activation.
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Figure 1. Structure of cadinane type sesquiterpenoids isolated from H. inuloides.

Interestingly, we found that although compounds 1-10 have a high structural similarity,
only two of them showed activity on the evaluated targets, evidencing their high
selectivity (Table 1). 7-Hydroxy-3,4-dihydrocadalene (1) and 7-hydroxy-cadalene (2),
showed anti-NF-xB activities, and 7-hydroxy-3,4-dihydrocadalene was also able to
activate antioxidant Nrf2 pathway. All compounds were ineffective as STAT3
inhibitors. These results could explain the ancestral use of H. inuloides in Mexican folk
medicine, since both NF-«B and Nrf2 transcription factors regulate inflammatory
processes that are the most common conditions for which this plant is largely used.
Furthermore, 7-hydroxy-3,4-dihydrocadalene (1) is the main constituent in this species,
so it might significantly contribute to the anti-inflammatory activity observed for its

extracts. Our observation confirms previous studies demonstrating that NF-xB



63

inhibition is one of the most important mechanisms exerted by many natural products

with therapeutic and preventive effects.!’
2.2 Semi-synthesis, biological evaluations and molecular docking

Metabolites 1 and 2 showed positive activity on the primary screening and were
selected as scaffolds for the preparation of a novel semi-synthetic derivative set by
simple reactions where the existing functional group could be manipulated to afford
additional structures. The reactive phenol was thus transformed to the corresponding
benzoates having electron donating or electron withdrawing substituents in meta and
para positions (Scheme 1). In the course of generating novel structures, two carbamate
derivatives were obtained by reaction of chosen natural products with phenyl isocyanate
(Scheme 1).
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Scheme 1. Semi-synthesis of ester and carbamate derivatives prepared from cadinane-

type natural products.
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All semi-synthetic compounds were then subjected to a new biological screening on the
selected targets to analyze how structural modifications undertaken might have affected
their activity. Table 2 summarizes the results of this primary screening along with the
cytotoxic effect of derivatives on six human cancer cell lines. The anti-NF-kB activity
previously observed for 7-hydroxy-3,4-dihydrocadalene (1) was improved in compound
13 and totally lost in all its semi-synthetic derivatives. Nrf2 activating effect
improvement was detected in derivatives 11, 13 and 16, indicating that some structural
modifications on the benzoyl group are tolerated. The presence of methyl- and nitro-
groups on the benzoyl moiety seems to be advantageous, and it was clear that the para-
position is preferred for the interaction with the receptor since a change in the location
of these substituents results in loss of activity. This effect was also observed on the
cytotoxic properties, which were generally lower for the meta- derivatives.

Among ester derivatives prepared from 7-hydroxy-3,4-dihydrocadalene (1), compound
13 showed the highest cytotoxicity over four of the six cancer cell lines evaluated with
an ICsp of 30.94+2.2 uM on leukemia. This indicates that its activity could be related to
the inhibition of the NF-kB transcription factor, as it has been demonstrated that its
signaling pathway is active in cancer cells, and that some anticancer agents that have
shown anti-NF-xB activity may exert their effects by lessening a proliferative,
antiapoptotic or inflammatory activity of NF-kB.}’All the ester derivatives obtained
from 7-hydroxy-cadalene (2) lost their activity on NF-kB and Nrf2 pathways. Although
compound 27 showed good cytotoxicity over all cell lines with the highest efficacy on
leukemia (1C5p=2.28+£0.2 uM), its ineffectiveness as NF-kB inhibitor makes it less
interesting, since it is desirable that new potential anticancer compounds affect a
particular target or pathway involved in the process of malignancy.'® The potential of
compounds showing NF-kB inhibition and Nrf2 activation properties on the primary
screening were then compared through dose-response experiments where luciferase
activities were measured on cells pre-treated with increasing concentrations of the
substances (Figure 2). The most active compound among those showing anti-NF-xB
activity was 7-hydroxy-cadalene (2) with an ICsy of 16.5£2.2 uM, followed by
compound 13 and 7-hydroxy-3,4-dihydrocadalene (1) with an ICsq of 47.1£2.9 uM and
72.0£3.4 pM, respectively. Decrease on luciferase activity produced by these

compounds was not a consequence of its cytotoxicity over the employed cell line.
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Through Kinetic assays, we determined that these compounds are not cytotoxic at the

concentrations at which the anti-NF-kB activities were evaluated.
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Figure 2. Effects of H. inuloides compounds and some semisynthetic derivatives on
NF-kB and Nrf2 activation. (A) NIH-3T3-KBF-Luc cells (fibroblasts) were pre-treated
with increasing concentrations of the compounds for 15 min and then stimulated with
TNFa for 6 h, after which the luciferase activities were measured in the cell lysates and
expressed as percentage of activation considering 100% the value of TNFa-induced NF-
kB activation. (B) HaCaT-ARE-Luc cells (keratinocytes) were treated with increasing
concentrations of the compounds for 6 h. Luciferase activity was measured in the cell

lysates and expressed as fold induction over basal levels.

Compound 13 was clearly the best promoter of Nrf2 activation, showing its optimum
effect at doses lower than 50 UM because its activity decreases at higher concentrations.
As Nrf2 transcription factor regulates the cellular redox status, some substances that
behave as oxidizing agents could indirectly activate the Nrf2 pathway. For this reason,
we decide to find out whether the activating effect on the Nrf2 pathway exerted by
compound 13 is a simple consequence of its cell oxidant effect. Hence, the intracellular
accumulation of reactive oxygen species (ROS) was monitored on keratinocytes pre-
incubated with increasing concentrations of compound 13. Figure 3 shows the fluorometric
detection of ROS using the free radical sensor CM-H2DCFDA (see Experimental
section for details). The results revealed that compound 13 does not induce the
production of ROS; on the contrary, it reduces its concentration induced by tert-butyl-
hydroperoxide (TBHP) similar to the antioxidant molecule N-acetylcysteine (NAC).
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ROS production was quantified by changes in fluorescence through imaging analysis of

the total green object integrated intensity (Figure 4).

(A) Control (B) TBHP (C) TBHP+Compound 13 (D) TBHP+Compound 13
(25 uM)

10 uM

(E) TBHP+Compound 13
(50 uM)

(F) TBHP+Compound 13 (G) TBHP+Compound 13 (H) TBHP+NAC
(75 uM) (100 uM)

Figure 3. Fluorometric detection of ROS using the free radical sensor CM-H2DCFDA
on HaCaT cell line. (A) Cells over basal conditions. (B) Cells treated with the oxidant
compound TBHP (0.4 mM). (C-G) Cells pre-incubated with increasing concentration of
compound 13 and then treated with TBHP (0.4 mM). (H) Cells pre-incubated with the
antioxidant NAC (15 mM) and then treated with TBHP (0.4 mM).
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Figure 4. Compound 13 reduces intracellular accumulation of ROS. HaCaT cells were
treated with the indicated doses of compound 13 and ROS were measured by changes in
fluorescence through imaging analysis of the total green object integrated intensity and
expressed as percentage of ROS considering 100% the value of TBHP induction. The

results were compared with the effect of the antioxidant NAC.

Considering that the signaling pathways involved in the activation of the studied
transcription factors represent a focus for pharmacological intervention in situations of
chronic inflammation or in cancer, we can say that among ester derivatives, compound
13 showed the best biological profile in vitro having three important properties. It was
able to activate the Nrf2 pathway, neutralize ROS production, and inhibit the
transcription factor NF-kB, which could generally be considered as a beneficial
consequence for cells. For these reasons we decided to evaluate its possible mechanism
of action by evaluating its effect over phospho-lkBa, a protein complex involved in the
NF-kB activation pathway. In most cells NF-xB dimers such as p50/RelA are retained
in the cytoplasm by interaction with an independent 1kB protein (often IxBa).
Activation of NF-xB dimers is the result of the phosphorylation, ubiquitination and
degradation of the kB inhibitor mediated by the IKK complex, which enables the NF-
kB dimers to enter the nucleus and activate specific target gene expression.'® Therefore,
western blot analysis was carried out to detect levels of endogenous protein expression

on cells treated with compound 13. The results revealed that levels of phospho-lkBa
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decreased on cells incubated with this semi-synthetic derivative and then treated with
TNFa to induce IkBa phosphorylation (Figure 5). The above observations mean that
compound 13 prevents the phosphorylation and degradation of the cytoplasmic IxBa
protein. Many substances have been described that inhibit kB phosphorylation driving
to block proteasomal degradation of IkB and allowing it to sequester NF-kB in the
cytoplasm in an inactivated state.'® It is well known that inhibition of NF-kB activation
can occur by several mechanisms at different levels of the pathway. One of them is the
inhibition of 1B phosphorylation by agents that act directly at the IKK complex.'” This
complex is activated by phosphorylation of its main subunit, IKKp, in the activation
loop at two sites, Ser-177 and Ser-181.° To clarify if it is possible that compound 13
targets the IKK complex, we performed molecular docking studies to identify important
binding modes. Analyses showed that ATP-binding pockets of the IKKp subunit are
occupied by compound 13 in a similar fashion as the staurosporine analog K252a, a
potent kinase inhibitor which has been crystalized bound to the IKKp subunit ?* (Figure
6). These results could explain the inhibitory activity of compound 13, since it was
positioned at the activation loop in the protomer B (residues 166-194), which assumes a
conformation characteristic of an active kinase.”* Those residues are close to the key
residues (Ser-177 and Ser-181) for the phosphorylation and subsequent activation of the
IKK complex. In this way, the complex protein-compound 13 destabilizes the correct
folding of the activation loop. The inactive form IKK complex cannot phosphorylate
I«B inhibitor, thus preventing NF-kB release.

Additionally, the molecular structures of 7-hydroxy-cadalene (2) and 7-hydroxy-3,4-
dihydrocadalene (1), both showing anti-NF-xB activities, were docked at the KK
subunit. The results revealed that these compounds not only occupy ATP-binding
pockets in IKKf subunit but also make hydrogen bond contact from the 7-hydroxyl to
the carbonyl oxygen Cys-97 as well as to the amine on Cys-99 (Figure 7). These
analyses allowed us to propose, in a preliminary way, that similar binding modes exist
in the staurosporine analog K252a and cadinane sesquiterpenoids. Moreover, the
protein-ligand interactions between IKKp and staurosporine analog K252a, found by
computational analyses applying our model, were similar to those reported for the co-
crystallized form (Figure S44, supporting information).
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Figure 5. Compound 13 inhibits phospho-IxBa protein expression. NIH-3T3-KBF-Luc
cells were incubated with either increasing concentrations of compound 13 or with the
IKKB inhibitor SC514 during 15 min and then stimulated with TNFa for 20 min. Total

cell content was extracted and analyzed to detect the level of the phospho-lkBa protein

expression by western blot.

Figure 6. Docking of staurosporine analog K252 and compound 13 at the protomer B of
the human IKKp crystal structure (PDB ID: 4kik). (A) Staurosporine analog K252
interacts with the ATP-binding pockets through hydrogen bonds with the amino acids
Cys-97, Cys-99, Glu-149 and Asn-150 (B) Compound 13 interacts with the ATP-
binding pockets by Van der Waals forces (AG = -9.43 Kcal/mol).
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Figure 7. Docking of staurosporine analog K252, 7-hydroxy-3,4-dihydrocadalene and

7-hydroxy-cadalene at the protomer B of the human IKKp crystal structure (PDB ID:
4kik). (A) Staurosporine analog K252 interacts with the ATP-binding pockets through
hydrogen bonds with the amino acids Cys-97, Cys-99, Glu-149 and Asn-150 (B) 7-
hydroxy-3,4-dihydrocadalene (pink) and 7-hydroxy-cadalene (green) interact with the
ATP-binding pockets; the 7-hydroxyl group makes hydrogen bond interaction with the
residue Cys-97 and Cys-99.

Carbamate derivatives 32 and 33 were the most cytotoxic substances on human
colorectal adenocarcinoma with an ICsy of 0.035+0.01 pM and 3.88+0.5 pM,
respectively (Table 2). Considering that cytotoxicity does not define a specific cellular
death mechanism and that compounds 32 and 33 were not effective on NF-kB nor
STATS3 inhibition, we decided to evaluate its cytotoxicity on a primary cell culture from
human oral tissue (gingival fibroblast) to clarify whether these compounds could be
selective against cancer cells or may exert important cytotoxic effects over non-
tumorigenic cells. The observed results revealed that compound 32 showed a
38.24+1.7% of inhibition of cell proliferation at a concentration of 50 uM, indicating a
low toxicity over healthy cells. Moreover, at this concentration compound 32 produces
a 92% of inhibition of cell proliferation on human colorectal adenocarcinoma (Table 2).
Although compound 33 was less potent than 32 on inhibition of human colorectal
adenocarcinoma cell proliferation, it was not cytotoxic on gingival fibroblast, which
makes it interesting in terms of selectivity. Taken together, the results suggest that these
carbamate-type derivatives could be exerting an important cytotoxic effect on cancer
cells through a mechanism involving different targets from those evaluated. A variety of
mechanisms of cell death have been demonstrated for compounds containing the
carbamate functionality. For instance, Entinostat, a synthetic benzamide derivative

containing a pyridylmethyl carbamate functionality acts as an antitumor agent through
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histone deacetylase inhibition,?? and Mitomycin C, a natural chemotherapeutic agent in
the treatment of several types of cancer, interacts with ribosomal RNA producing
inhibition of protein translation.”® Recently, the discovery of a potent semi-synthetic
phenyl carbamate showing in vitro activity against breast cancer cells through a
mechanism involving the receptor tyrosine kinase c-Met has been reported.?*

The ability of carbamates to modulate inter- and intramolecular interactions with the
target enzymes or receptors has been widely used in medicinal chemistry,® hence it is
clear that evaluation of alternative cytotoxic mechanisms not involving NF-«xB and

STATS3 receptors is necessary for compounds 32 and 33.
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3. Conclusions

The molecular targets involved in the anti-inflammatory activity of cadinane
sesquiterpenoids isolated from H. inuloides were identified. The results obtained indicated
that 7-hydroxy-3,4-dihydrocadalene (1), the main constituent in this species, possesses
anti-NF-xB activity and is able to activate antioxidant Nrf2 pathway, which may
correlate with the ancestral use of this species in Mexican folk medicine.

A novel semi-synthetic set, including ester and carbamate derivatives, was prepared
using the active natural cadinanes as scaffolds. Derivative 13 showed be more potent on
NF-kB inhibition and Nrf2 activation when compared with its parent 7-hydroxy-3,4-
dihydrocadalene (1). Additionally, compound 13 reduces the intracellular accumulation
of ROS induced by TBHP and decreases levels of phospho-IkBa, a protein complex
involved in the NF-xB activation pathway. Docking analyses revealed that compound
13 is positioned at the activation loop of the IKK subunit, which explains how it
prevents lkBa phosphorylation and agrees with evidence found by western blot.
Carbamate derivatives 32 and 33 showed potent in vitro cytotoxic activity against
human colorectal adenocarcinoma with minimal toxicity on human gingival fibroblast
cells. These compounds were ineffective on NF-kB, Nrf2 and STAT3 transcription
factors, indicating a cell death mechanism involving different targets. Thus, further
research is needed.

Cadinane sesquiterpenoids now could be considered a novel class of natural NF-xB and
Nrf2 modulators, which can be useful as templates for the development and

optimization of new substances with anti-inflammatory and anticancer activities.
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4. Experimental section

4.1 General methods

UV spectra were obtained on a Shimadzu UV-VISIBLE recording Spectrophotometer.
IR spectra were recorded on a Bruker Tensor 27 spectrometer. *H and **C NMR spectra
were measured on a Bruker Avance 111, 400 MHz NMR instrument. Chemical shifts are
reported in parts per million () relative to TMS, and coupling constants (J) are reported
in Hz. The complete assignment of *H and **C signals was carried out by an analysis of
the correlated homonuclear H,H-COSY, and heteronuclear H,C-HSQC and H,C-HMBC
spectra. The HRMS data were taken on a Jeol The AccuTOF JMS T100 LC system with
a direct analysis in real time ESI+ ionization mode.

Vacuum liquid chromatography (VLC) was carried out using spherical silica gel with
pore size 60 A and 230-400 mesh particle size. Reactions were monitored by TLC
employing Merck silica gel 60 F,s4 plates (0.2 mm) visualized with either a UV lamp
(254 and 365 nm) or a charring solution (12 g of ceric ammonium sulfate dihydrate,
22.2 mL of concentrated H,SO,4, and 350 g of ice). PLCs were conducted using Merck
silica gel 60 Fs4 glass plates (2 mm).

4.2 Plant material

H. inuloides (aerial parts) was collected in the region of Ozumba, in Estado de México,
Mexico in October 2012. Voucher specimen was authenticated by Edelmira Linares and
Robert Bye (collection of E. Linares 2754 and R. Bye) and deposited in the National
Herbarium (MEXU), Instituto de Biologia de la Universidad Nacional Auténoma de

México.

4.3 Extraction and isolation

7-hydroxy-3,4-dihydrocadalene (1) and 7-hydroxy-cadalene (2) preparative amounts
were obtained by fractionation of an acetonic extract (348.6 g) prepared by maceration
(3 times / 24 h) of dried and powdered plant material (10 kg). This extract was
concentrated under reduced pressure and subjected to separation processes by VLC
using a hexanes-EtOAc gradient as mobile phase. From fractions eluted with hexanes-
EtOAc 75:25 and 70:30 were obtained 2.7 g of 7-hydroxy-3,4-dihydrocadalene and 331
mg of 7-hydroxy-cadalene, respectively, which were purified through recrystallization

from hexanes. Spectroscopic data were compared with authentic samples from our
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laboratory. Metabolites 1-8 were isolated in previous investigations carried out by our

group.™
4.4 Semi-synthetic derivatives

4.4.1 General procedure for esterification of 7-hydroxy-3,4-dihydrocadalene (1)
and 7-hydroxy-cadalene (2)
A solution of either 7-hydroxy-3,4-dihydrocadalene (1.0 equiv) or 7-hydroxy-cadalene
(1.0 equiv) in anhydrous pyridine (1 mL/20 mg of natural product) was flushed with
nitrogen gas and then a balloon filled with helium gas was connected to the septum.
This solution was treated with the aproppiated benzoyl chloride reagent (2.0 equiv)
having electron donating or electron withdrawing substituents in meta and para
positions (Sigma Aldrich). After 24 hours stirring the mixture was quenched with ice-
cold water and the organic phase was extracted with EtOAc. Excess pyridine was
neutralized with HCI (10%), and subsequent addition of a saturated solution of NaHCO3
avoided acidification of the medium. The resulting mixture was treated with a saturated
solution of NaCl and the organic phase was passed over Na,SO, to remove remaining
water. Purification of each one of the corresponding semisynthetic esters was carried
out by PLC (hexanes-EtOAc 90:10, two or three elutions). Preparation and structural
characterization of derivatives 11 and 22 have been previously described by our
research group.

4.4.1.1 7-(p-Chlorobenzoyloxy)-3,4-dihydrocadalene (12). Yellow oil; 34.4 mg
81% vyield; UV (MeOH) /max(log €) 204 (4.77), 224 (4.52), 239 (4.63) nm; IR (CHCIy)
vmax 3536, 2961, 1734, 1594, 1260, 1130, 1093 cm™*; *H-NMR (400 MHz, CDCls) 0.84
(3H, d, Ji311 6.8 Hz, CH3-13), 0.91 (3H, d, Jiz11 6.8 Hz, CH3-12), 1.91 (1H, hept,
Jiz12:1113 6.8 Hz, H-11),1.99 (3H, br s, CHs-14), 2.19 (3H, s, CHs-15), 2.38 (3H,
overlapped, H-3,4), 5.72 (1H, br d, J,3 1.2 Hz, H-2), 6.96 (1H, s, H-8), 7.00 (1H, s, H-
5), 7.50, (2H, br d, J3 47 6.8 Hz, H-4'6"), 8.17, (2H, br d, J3 4- ¢ 6.8 Hz, H-3',7"); **C
NMR (100 MHz, CDCl3) 16.0 (CHs-15), 18.9 (CH3-14), 20.2 (CH3-12), 21.4 (CH3-13),
25.5 (CH,-3), 30.2 (CH-11), 43.8 (CH-4), 116.2 (CH-8), 124.0 (CH-2), 127.3 (C-6),
128.1 (C-5"), 128.9 (CH-4',6"), 131.1 (CH-5), 131.5 (CH-3',7", C-9), 134.8 (C-1), 137.0
(C-10), 140.0 (C-2), 147.8 (C-7), 164.2 (C-1"); HRESIMS m/z 355.14561 [M + H]"
(calcd for Cy2H24ClO,, 355.14648).
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4.4.1.2 7-(p-Methylbenzoyloxy)-3,4-dihydrocadalene (13). White solid; 32.2 mg
77% yield; UV (MeOH) Amax(log €) 211 (4.67), 261 (4.57) nm; IR (CHCI3) vimax 3538,
3038, 2961, 1726, 1606, 1256, 1233, 1130 cm*; *H-NMR (400 MHz, CDCl5) 0.84 (3H,
d, Ji311 6.8 Hz, CH3-13), 0.91 (3H, d, J1211 6.8 Hz, CH3-12), 1.91 (1H, hept, J1112:11.13
6.8 Hz, H-11),1.99 (3H, br s, CH3-14), 2.20 (3H, s, CH3-15), 2.38 (3H, overlapped, H-
3,4), 2.46 (3H, s, CH3-8"), 5.71 (1H, br d, J,3 1.6 Hz, H-2), 6.98 (1H, s, H-8), 7.0, (1H,
s, H-5), 7.32, (2H, d, J4 3.6 7 9.2 Hz, H-4'6"), 8.12, (2H, d, J3 47 8.12 Hz, H-3',7"); *°C
NMR (100 MHz, CDCl3) 16.0 (CH3-15), 19.0 (CH3-14), 20.2 (CH3-12), 21.4 (CH3-13),
21.7 (CH3-8"), 25.5 (CH;-3), 30.2 (CH-11), 43.8 (CH-4), 116.3 (CH-8), 123.9 (CH-2),
126.9 (C-2), 127.5 (C-6), 129.3 (CH-4'6"), 130.2 (CH-3',7"), 131.0 (CH-5), 131.2 (C-9),
134.7 (C-1), 136.7 (C-10), 144.2 (C-5'), 147.9 (C-7), 165.1 (C-1'); HRESIMS m/z
335.20016 [M + H]" (calcd for Cp3H270,, 335.20110).

4.4.1.3 7-(p-Methoxybenzoyloxy)-3,4-dihydrocadalene (14). White solid; 22.5 mg
69% yield; UV (MeOH) Jmax(log €) 204 (4.80), 239 (4.63) nm; IR (CHCI3) vimax 3533,
3019, 2961, 1730, 1263, 1233, 1131 cm*; *H-NMR (400 MHz, CDCls) 0.84 (3H, d,
Jiz11 6.8 Hz, CH3-13), 0.91 (3H, d, J1211 6.8 Hz, CH3-12), 1.90 (1H, hept, J1112:1113 6.8
Hz, H-11),1.99 (3H, br s, CH3-14), 2.20 (3H, s, CH3-15), 2.38 (3H, overlapped, H-3,4),
3.90 (3H, s, CH3-8"), 5.70 (1H, br d, J,3 1.6 Hz, H-2), 6.97 (1H, s, H-8), 6.99 (3H, m,
H-5,4'6", 8.18 (2H, d, J34.7¢ 8.8 Hz, H-3,7); *C NMR (100 MHz, CDCls) 16.0
(CHs-15), 19.0 (CH3-14), 20.2 (CH3-12), 21.4 (CHs3-13), 25.5 (CH,-3), 30.2 (CH-11),
43.8 (CH-4), 55.5 (CH3-8"), 113.8 (CH-4',6"), 116.4 (CH-8), 122.0 (C-2"), 123.8 (CH-2),
127.5 (C-6), 131.0 (CH-5), 131.2 (C-9), 132.2 (CH-3',7"), 134.7 (C-1), 136.7 (C-10),
148.0 (C-7), 163.8 (C-5"), 164.7 (C-1'); HRESIMS m/z 351.19493 [M + H]" (calcd for
Ca3H2703, 351.19602).

4.4.1.4 7-(p-Trifluoromethylbenzoyloxy)-3,4-dihydrocadalene (15). White solid;
22.1 mg 73% yield; UV (MeOH) Amax(log €) 204 (4.53), 209 (4.51), 229 (4.69), 251
(4.02), 264 (4.03) nm; IR (CHCls) vnax 2960, 1737, 1325, 1263,1175, 1133 cm™*; 'H-
NMR (400 MHz, CDCls) 0.83 (3H, d, Ji311 6.8 Hz, CH3-13), 0.91 (3H, d, J1211 6.8 Hz,
CH3-12), 1.91 (1H, hept, Ji112:1113 6.8 Hz, H-11), 1.99 (3H, br s, CH3-14), 2.19 (3H, s,
CHs-15), 2.38 (3H, overlapped, H-3,4), 5.72 (1H, br d, J,3 1.6 Hz, H-2), 6.97 (1H, s, H-
8), 7.01 (1H, s, H-5), 7.79, (2H, br d, J4 3-¢ 7 8.8 Hz, H-4'6"), 8.34, (2H, br d, J3 476
8.8 Hz, H-3,7); ®C NMR (100 MHz, CDCls) 16.0 (CHs-15), 18.9 (CHs-14), 20.2
(CH3-12), 21.4 (CHs-13), 25.5 (CH,-3), 30.3 (CH-11), 43.8 (CH-4), 116.1 (CH-8),
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124.2 (CH-2), 125.6 (CH-4',6"), 127.2 (C-6), 130.5 (CH-3'7"), 131.0 (C-9), 131.2 (CH-
5), 133.0 (C-5'), 134.9 (C-1, C-2'), 137.2 (C-10), 147.7 (C-7), 163.9 (C-1); HRESIMS
m/z 389.17176 [M + H]Jr (calcd for Co3Ho4F30,, 38917284)

4.4.1.5 7-(p-Nitrobenzoyloxy)-3,4-dihydrocadalene (16). Yellow oil; 23.1 mg 84%
yield; UV (MeOH) Zmax(log €) 205 (3.72), 244 (3.42), 258 (3.46) nm; IR (CHCI3) vimax
3558, 3020, 2960, 1739, 1530, 1262, 1232, 1129 cm*; *H-NMR (400 MHz, CDCl3)
0.83 (3H, d, J1311 6.8 Hz, CH5-13), 0.91 (3H, d, J12.11 6.8 Hz, CH3-12), 1.90 (1H, hept,
Ji112:1113 6.8 Hz, H-11), 1.99 (3H, br s, CHs-14), 2.20 (3H, s, CH3-15), 2.38 (3H,
overlapped, H-3,4), 5.73 (1H, br d, J,3 1.2 Hz, H-2), 6.97 (1H, s, H-8), 7.01 (1H, s, H-
5), 6.97 (4H, m, H-3',4'6',7); *C NMR (100 MHz, CDCl3) 16.0 (CHs-15), 18.9 (CHs-
14), 20.2 (CHs-12), 21.4 (CH3-13), 25.4 (CH,-3), 30.2 (CH-11), 43.8 (CH-4), 115.9
(CH-8), 123.7 (CH-4',6"), 124.3 (CH-2), 127.0 (C-6), 130.9 (CH-5), 131.2 (CH-3',7, C-
9), 134.9 (C-1), 135.0 (C-2"), 137.3 (C-10), 147.5 (C-7), 150.8 (C-5, 163.1 (C-1Y;
HRESIMS m/z 366.16922 [M + H]" (calcd for C2H24NOy, 366.17053).

4.4.1.6 7-(m-Chlorobenzoyloxy)-3,4-dihydrocadalene (17). Colorless oil; 46.5 mg
77% yield; UV (MeOH) /max(log €) 206 (4.55), 225 (4.37), 234 (4.41), ), 271 (3.70) nm;
IR (CHCI3) vmax 2962, 1711, 1363, 1248, 1131 cm *; *H-NMR (400 MHz, CDCl5) 0.83
(3H, d, Ji311 6.8 Hz, CH3-13), 0.91 (3H, d, Jiz11 6.8 Hz, CH3-12), 1.91 (1H, hept,
Ji1112:1113 6.8 Hz, H-11), 1.98 (3H, br s, CHs-14), 2.19 (3H, s, CH3-15), 2.38 (3H,
overlapped, H-3,4), 5.72 (1H, br d, J,3 1.6 Hz, H-2), 6.95 (1H, s, H-8), 7.00 (1H, s, H-
5), 7.47 (1H, t, Jg.5:6.7 8.0 Hz, H-6"), 7.62 (1H, ddd, Js & 8.0 Hz, Js3 2.0 Hz, Js7 1.2
Hz, H-5Y, 8.11 (1H, dt, J7.¢ 8.0 Hz, J7-5 1.2 Hz, H-7"), 8.21 (1H, t, J3.5 2.0 Hz, H-3":;
3C NMR (100 MHz, CDCls) 16.0 (CH3-15), 18.9 (CH3-14), 20.2 (CH3-12), 21.4 (CHs-
13), 25.5 (CH,-3), 30.2 (CH-11), 43.8 (CH-4), 116.1 (CH-8), 124.1 (CH-2), 127.2 (C-
6), 128.2 (CH-7", 129.9 (CH-6", 130.1 (CH-3"), 131.1 (CH-5), 131.4 (C-1), 133.5 (CH-
59, 133.6 (C-2"), 134.7 (C-4"), 134.8 (C-9), 137.0 (C-10), 147.7 (C-7), 163.8 (C-19;
HRESIMS m/z 355.14559 [M + H]" (calcd for C,H24Cl0,, 355.14648).

4.4.1.7 7-(m-Methylbenzoyloxy)-3,4-dihydrocadalene (18). Yellow oil; 45.1 mg
89% yield; UV (MeOH) /max(log €) 205 (4.66), 225 (4.40), 235 (4.45) nm; IR (CHCls)
vmax 3579, 2964, 1732, 1276, 1195, 1129, 1070 cm™*; *H-NMR (400 MHz, CDCl5) 0.85
(3H, d, Ji311 6.8 Hz, CH3-13), 0.92 (3H, d, Ji211 6.8 Hz, CH3-12), 1.92 (1H, hept,
Ji112:1113 6.8 Hz, H-11), 2.00 (3H, br s, CH3-14), 2.22 (3H, s, CHs-15), 2.40 (3H,
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overlapped, H-3,4), 2.47 (3H, s, CH3-8), 5.70 (1H, br d, J,3 0.8 Hz, H-2), 6.99 (1H, s,
H-8), 7.01 (1H, s, H-5), 7.44, (2H, m, H-5'6"), 8.05, (2H, m, H-3',7); **C NMR (100
MHz, CDCl;) 16.0 (CH3-15), 18.9 (CH3-14), 20.2 (CH3-12), 21.3 (CH3-8"), 21.4 (CHs-
13), 25.5 (CH,-3), 30.2 (CH-11), 43.8 (CH-4), 116.3 (CH-8), 123.9 (CH-2), 127.3 (CH-
7Y, 127.4 (C-6), 128.4 (CH-6'), 129.6 (C-2'), 130.6 (CH-3'), 131.0 (CH-5), 131.1 (C-1),
134.2 (CH-5'), 134.7 (C-9), 136.7 (C-10), 138.2 (C-4'), 147.9 (C-7), 165.2 (C-1;
HRESIMS m/z 335.20129 [M + H]" (calcd for C,3H,70,, 335.20110).

4.4.1.8 7-(m-Methoxybenzoyloxy)-3,4-dihydrocadalene (19). Yellow oil; 83.0 mg
95% yield; UV (MeOH) Anax(log €) 214 (4.75), 347 (2.34) nm; IR (CHCls3) vmax 3558,
2962, 1732, 1491, 1277, 1233, 1129 cm*; *H-NMR (400 MHz, CDCls) 0.86 (3H, d,
Ji311 6.8 Hz, CH3-13), 0.93 (3H, d, J12.11 6.8 Hz, CH3-12), 1.93 (1H, hept, J1112.1113 6.8
Hz, H-11), 2.00 (3H, br s, CH3-14), 2.23 (3H, s, CH3-15), 2.40 (3H, overlapped, H-3,4),
3.90 (3H, s, CH3-8"), 5.73 (1H, br d, Jo3 1.2 Hz, H-2), 7.00 (1H, s, H-8), 7.02 (1H, s, H-
5), 7.19, (1H, ddd, Js ¢ 8.0 Hz, Js: 3 2.8 Hz, J5.7 1.2 Hz, H-5"), 7.44 (1H, t, Jg 567 8HzZ,
H-6", 7.76 (1H, t, J3 5 2.8 Hz, H-3"); 7.86 (1H, dt, J;¢ 8.0 Hz, J7.5 1.2 Hz, H-7"); 3C
NMR (100 MHz, CDCIs) 16.0 (CH3-15), 18.9 (CHs-14), 20.2 (CH3-12), 21.4 (CH3-13),
25.5 (CH,-3), 30.2 (CH-11), 43.8 (CH-4), 55.4 (CHs-8'), 114.5 (CH-3'), 116.2 (CH-8),
120.0 (CH-5"), 122.5 (CH-7"), 123.9 (CH-2), 127.4 (C-6), 129.5 (CH-6"), 130.9 (C-2),
131.0 (CH-5), 131.1 (C-10), 134.7 (C-1), 136.8 (C-9), 147.9 (C-7), 159.7 (C-4'), 164.8
(C-1"); HRESIMS m/z 351.19599 [M + H]" (calcd for Ca3H»703, 351.19602).

4.4.1.9 7-(m-Trifluoromethylbenzoyloxy)-3,4-dihydrocadalene (20). Colorless oil;
22.1 mg 88% yield; UV (MeOH) /max(log €) 203 (4.64), 215 (4.55), 226 (4.59) nm; IR
(CHCIl3) vmax 3576, 2965, 1740, 1336, 1174, 1136, 1073 cm*; *H-NMR (400 MHz,
CDCl3) 0.84 (3H, d, Ji311 6.8 Hz, CH3-13), 0.91 (3H, d, Ji1211 6.8 Hz, CH3-12), 1.91
(1H, hept, J1112.1113 6.8 Hz, H-11), 1.99 (3H, br s, CH3-14), 2.21 (3H, s, CH3-15), 2.39
(3H, overlapped, H-3,4), 5.73 (1H, br d, J,3 1.2 Hz, H-2), 6.97 (1H, s, H-8), 7.01 (1H, s,
H-5), 7.68 (1H, m, H-6"), 7.90, (1H, br d, Js ¢ 8.4 Hz, H-5'), 8.41 (1H, d, J7¢ 7.6 Hz, H-
7, 8.50 (1H, s, H-3"); *C NMR (100 MHz, CDCls) 16.0 (CH3-15), 18.9 (CH3-14), 20.2
(CH3-12), 21.4 (CH3-13), 25.5 (CH,-3), 30.2 (CH-11), 43.8 (CH-4), 116.0 (CH-8),
124.1 (CH-2), 127.0 (CH-3"), 127.2 (C-6), 129.3 (CH-6"), 130.0 (CH-5"), 130.1 (C-29,
130.5 (C-4"), 131.0 (C-1), 131.1 (CH-5), 133.3 (CH-7", 135.0 (C-9), 137.1 (C-10),
147.6 (C-7), 163.7 (C-1'); HRESIMS m/z 389.17234 [M + H]" (calcd for Cp3Hz4F30,,
389.17284).
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4.4.1.10 7-(m-Nitrobenzoyloxy)-3,4-dihydrocadalene (21). Yellow oil; 32.2 mg
72% yield; UV (MeOH) /Jmax(log €) 223 (4.70), 245 (4.19), 260 (4.20) nm; IR (CHCls3)
vmax 2959, 1741, 1536, 1353, 1255, 1133 cm *; *H-NMR (400 MHz, CDClI3) 0.84 (3H,
d, Ji311 6.8 Hz, CH3-13), 0.91 (3H, d, J1211 6.8 Hz, CH3-12), 1.91 (1H, hept, J1112:11.13
6.8 Hz, H-11), 1.99 (3H, br s, CH3-14), 2.21 (3H, s, CH3-15), 2.39 (3H, overlapped, H-
3,4), 5.73 (1H, br d, J,5 1.6 Hz, H-2), 6.98 (1H, s, H-8), 7.02 (1H, s, H-5), 7.74 (1H, t,
Jo5:6.7 8Hz, H-6"), 8.50, (1H, ddd, Js¢ 8.0 Hz, Js 3 2.4 Hz, Js.7 1.2 Hz, H-5'), 8.55
(1H, dt, J7¢ 8.0 Hz, J75 1.2 Hz, H-7"), 9.06 (1H, t, J3 5 2.4 Hz, H-3); *C NMR (100
MHz, CDCl3) 16.0 (CHs3-15), 18.9 (CHs-14), 20.2 (CH3-12), 21.4 (CH3-13), 25.5 (CH,-
3), 30.3 (CH-11), 43.8 (CH-4), 115.9 (CH-8), 124.3 (CH-2), 125.1 (CH-3"), 127.1 (C-6),
127.9 (CH-5", 129.9 (CH-6", 131.0 (C-1), 131.2 (CH-5), 131.5 (C-2"), 135.0 (C-9),
135.7 (CH-7", 137.3 (C-10), 147.6 (C-7), 148.5 (C-4), 163.0 (C-1"); HRESIMS m/z
366.17023 [M + H]" (calcd for Cy,H24NO,, 366.17053).

4.4.1.11 7-(p-Chlorobenzoyloxy)-cadalene (23). White crystals; 28.2 mg 78% vyield,;
UV (MeOH) Amax(log €) 208 (4.84), 216 (4.81), 235 (4.91) nm; IR (CHCl3) vmax 2967,
1735, 1267, 1092 cm*; *H-NMR (400 MHz, CDCls) 1.39 (6H, d, Ji211.1311 6.8 Hz,
CH3-12,13), 2.41 (3H, s, CH3-15), 2.60 (3H, s, CH3-14), 3.71 (1H, hept, J1112:1113 6.8
Hz, H-11), 7.26 (2H, overlapped, H-2,3), 7.51 (2H, d, J4 3¢ 7 8.8 Hz, H-4',6"), 7.75 (1H,
s, H-8), 8.03 (1H, s, H-5), 8.21 (2H, d, J3 4.7¢ 8.8 Hz, H-3',7); *C NMR (100 MHz,
CDCl3) 17.2 (CH3-15), 19.4 (CH3-14), 23.6 (CH3-12,13), 28.5 (CH-11), 116.5 (CH-8),
121.4 (CH-3), 125.8 (CH-5), 126.4 (CH-2), 128.0 (C-5"), 128.5 (C-6), 129.0 (CH-4',6"),
130.0 (C-10), 131.6 (CH-3',7', C-1), 132.5 (C-9), 140.2 (C-2"), 142.2 (C-4), 147.6 (C-7),
164.4 (C-1); HRESIMS m/z 353.12940 [M + H]" (calcd for Co,H2ClO,, 353.13083).

4.4.1.12 7-(p-Methylbenzoyloxy)-cadalene (24). White crystals; 24.7 mg 82%
yield; UV (MeOH) Anax(log €) 208 (7.73), 211 (4.70), 237 (4.87), 281 (4.05) nm; IR
(CHCIl3) vmax 3693, 2966, 1731, 1611, 1442, 1269, 1129, 1077 cm*; *H-NMR (400
MHz, CDCls) 1.39 (6H, d, Ji112: 1113 6.8 Hz, CH3-12,13), 2.42 (3H, s, CH3-15), 2.46
(3H, s, CH3-8"), 2.60 (3H, s, CHsz-14), 3.71 (1H, hept, J1112.1113 6.8 Hz, H-11), 7.25
(2H, overlapped, H-2,3), 7.33 (2H, d, Js3.¢.7 8.0 Hz, H-4'6"), 7.75 (1H, s, H-8), 8.02
(1H, s, H-5), 8.17 (2H, d, Jg.4-7¢ 8.4 Hz, H-3'7"); *C NMR (100 MHz, CDCl3) 17.2
(CH3-15), 19.4 (CH3-14), 21.7 (CH3-8"), 23.6 (CH3-12,13), 28.4 (CH-11), 116.5 (CH-8),
121.2 (CH-3), 125.7 (CH-5), 126.2 (CH-2), 126.7 (C-2'), 128.8 (C-6), 129.2 (CH-4'6"),
129.9 (C-10), 130.3 (CH-3',7), 131.6 (C-1), 132.5 (C-9), 142.1 (C-4), 144.4 (C-5'),
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147.8 (C-7), 165.3 (C-1); HRESIMS m/z 333.18453 [M + H]* (calcd for CysHasOs,
333.18545).

4.4.1.13 7-(p-Methoxybenzoyloxy)-cadalene (25). Colorless crystals; 24.2 mg 84%
yield; UV (MeOH) Amax(log €) 215 (4.82), 225 (4.76), 231 (4.78), 244 (4.42), 261 (4.59)
nm; IR (CHCl3) vinax 3554, 2967, 1728, 1606, 1512, 12259, 1168,1129,1077 cm *; *H-
NMR (400 MHz, CDCl3) 1.39 (6H, d, Ji211:1311 6.8 Hz, CH3-12,13), 2.42 (3H, s, CHs-
15), 2.60 (3H, s, CH3-14), 3.71 (1H, hept, Ji1 12.1113 6.8 Hz, H-11), 3.90 (3H, s, CH3-8"),
7.01 (2H, d, Jg 3.6 7 8.8 Hz, H-4'6"), 7.25 (2H, overlapped, H-2,3), 7.75 (1H, s, H-8),
8.02 (1H, s, H-5), 8.23 (2H, d, Jz 476 8.8 Hz, H-3',7); *C NMR (100 MHz, CDCl5)
17.2 (CH3-15), 19.4 (CHs-14), 23.6 (CH3-12,13), 28.4 (CH-11), 55.5 (CH;-8"), 113.9
(CH-4'6", 116.6 (CH-8), 121.1 (CH-3), 121.8 (C-2'), 125.6 (CH-5), 126.3 (CH-2),
128.9 (C-6), 129.9 (C-10), 131.6 (C-1), 132.2 (CH-37", 132.5 (C-9), 142.1 (C-4),
147.9 (C-7), 163.9 (C-5'), 164.9 (C-1'); HRESIMS m/z 349.17915 [M + H]" (calcd for
Ca3H2503, 349.18037).

4.4.1.14 7-(p-Trifluoromethylbenzoyloxy)-cadalene (26). White crystals; 39.6 mg
89% yield; UV (MeOH) Amax(log €) 235 (4.65), 257 (3.65), 281 (4.76) nm; IR (CHCl3)
vmax 3569, 2967, 1738, 1412, 1325, 1269, 1131, 1082 cm*; 'H-NMR (400 MHz,
CDCl3) 1.42 (6H, d, J1211:1311 6.8 Hz, CH3-12,13), 2.45 (3H, s, CH3-15), 2.63 (3H, s,
CHs-14), 3.73 (1H, hept, Ji112:1113 6.8 Hz, H-11), 7.30 (2H, overlapped, H-2,3), 7.79
(1H, s, H-8), 7.82 (2H, d, Js 3.6 7 8.0 Hz, H-4'6"), 8.07 (1H, s, H-5), 8.42 (2H, d, J
Jaarg 8.0 Hz, H-3,7); *C NMR (100 MHz, CDCl3) 17.1 (CH3-15), 19.3 (CH3-14),
23.6 (CHs-12,13), 28.5 (CH-11), 116.4 (CH-8), 121.5 (CH-3), 122.17 (CH3-8"), 125.7
(CH-4'6"), 125.9 (CH-5), 126.5 (CH-2), 128.4 (C-6), 130.1 (C-10), 130.6 (CH-3',7",
131.6 (C-1), 132.5 (C-9), 132.7 (C-5"), 135.0 (C-2"), 142.2 (C-4), 147.5 (C-7), 164.1 (C-
1'); HRESIMS m/z 387.15549 [M + H]* (calcd for CasHxoF30,, 387.15719).

4.4.1.15 7-(p-Nitrobenzoyloxy)-cadalene (27). Yellow crystals; 28.2 mg 86% yield,;
UV (MeOH) Amax(log €) 233 (5.03), 249 (4.59), 257 (4.60) nm; IR (CHCI3) vimax 3575,
2966, 1741, 1530, 1267, 1233, 1128 cm*; 'H-NMR (400 MHz, CDCl3) 1.39 (6H, d,
Ji211:1311 6.8 Hz, CH3-12,13), 2.43 (3H, s, CH3-15), 2.61 (3H, s, CHs-14), 3.71 (1H,
hept, Ji112:1113 6.8 Hz, H-11), 7.28 (2H, overlapped, H-2,3), 7.73 (1H, s, H-8), 8.05
(1H, s, H-5), 8.36 (2H, d, J4 3¢ 7 8.4 Hz, H-4'6"), 8.43 (2H, d, J3 4.7 ¢ 8.4 Hz, H-3',7");
3C NMR (100 MHz, CDCl3) 17.1 (CHs-15), 19.3 (CH3-14), 23.6 (CH5-12,13), 28.5
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(CH-11), 116.3 (CH-8), 121.6 (CH-3), 123.7 (CH-4'6"), 126.0 (CH-5), 126.6 (CH-2),
128.1 (C-6), 130.1 (C-10), 131.3 (CH-3'7"), 131.6 (C-1), 132.3 (C-9), 134.9 (C-2),
142.2 (C-4), 147.3 (C-7), 150.9 (C-5), 163.4 (C-1'); HRESIMS m/z 364.15363 [M +
H]* (calcd for CxHNO,, 364.15488).

4.4.1.16 7-(m-Methylbenzoyloxy)-cadalene (28). White crystals; 30.0 mg 75%
yield; UV (MeOH) Amax(log €) 205 (4.81), 210 (4.78), 236 (4.90), 264 (4.02), 281 (4.09)
nm; IR (CHCl3) vimax 2967, 1732, 1276, 1233, 1197 cm*; *H-NMR (400 MHz, CDCls)
1.39 (6H, d, Ji112:1311 6.8 Hz, CH5-12,13), 2.43 (3H, s, CH5-15), 2.46 (3H, s, CH3-8"),
2.60 (3H, s, CH3-14), 3.71 (1H, hept, J1112:11.13 6.8 Hz, H-11), 7.25 (2H, overlapped, H-
2,3), 7.43 (2H, overlapped, H-5'6"), 7.74 (1H, s, H-8), 8.02 (1H, s, H-5), 8.07 (1H,
overlapped, H-7"), 8.09 (1H, s, H-3"); *C NMR (100 MHz, CDCl3) 17.2 (CH3-15), 19.4
(CHs5-14), 21.3 (CH3-8"), 23.6 (CH3-12,13), 28.4 (CH-11), 116.5 (CH-8), 121.2 (CH-3),
125.7 (CH-5), 126.3 (CH-2), 127.4 (CH-T7'), 128.5 (CH-6"), 128.8 (C-6), 129.4 (C-2'),
129.9 (C-10), 130.7 (CH-3), 131.6 (C-1), 132.5 (C-9), 134.4 (CH-5), 138.5 (C-4),
142.1 (C-4), 147.8 (C-7), 165.4 (C-1'); HRESIMS m/z 333.18570 [M + H]" (calcd for
Ca3H250,, 333.18545).

4.4.1.17 7-(m-Methoxybenzoyloxy)-cadalene (29). Yellow oil; 9.1 mg 78% yield,
UV (MeOH) Amax(log €) 215 (4.95), 225 (4.91), 233 (4.95), 266 (4.00), 293 (4.16) nm;
IR (CHCl3) vmax 3404, 3007, 1711, 1362, 1277, 1237 cm *; *H-NMR (400 MHz, CDCl5)
1.39 (6H, d, Ji211:1311 6.8 Hz, CH3-12,13), 2.43 (3H, s, CH3-15), 2.61 (3H, s, CH3-14),
3.71 (1H, hept, J1112:1113 6.8 Hz, H-11), 3.90 (3H, s, CH3-8"), 7.21 (1H, ddd, Js ¢ 8.4
Hz, Js 3 2.8 Hz, Js 7+ 1.2 Hz, H-5'), 7.26 (2H, overlapped, H-2,3), 7.45 (1H, t, Jg5:6.7
8.0 Hz, H-6"), 7.76 (1H, s, H-8), 7.78 (1H, br t, J3 5 2.4 Hz, H-3"), 7.89 (1H, dt, J7 ¢ 8.0
Hz, J»5 1.2 Hz, H-7"), 8.03 (1H, s, H-5); *C NMR (100 MHz, CDCls) 17.2 (CHs-15),
19.4 (CHs-14), 23.6 (CH5-12,13), 28.5 (CH-11), 55.5 (CH-8'), 114.6 (CH-3'), 116.4
(CH-8), 120.2 (CH-5", 121.3 (CH-3), 122.6 (CH-7"), 125.8 (CH-5), 126.4 (CH-2),
128.7 (C-6), 129.2 (CH-6"), 130.0 (C-10), 130.1 (C-2'), 131.6 (C-1), 132.5 (C-9), 142.1
(C-4), 147.8 (C-7), 159.8 (C-4'), 165.1 (C-1'); HRESIMS m/z 349.18091 [M + H]"
(calcd for Cy3H2503, 349.18037).

4.4.1.18 7-(m-Trifluoromethylbenzoyloxy)-cadalene (30). White crystals; 59.5 mg
94% yield; UV (MeOH) /Zmax(log €) 235 (4.89), 258 (3.89), 280 (3.98) nm; IR (CHCls)
vmax 2965, 1740, 1336, 1133 cm™; *H-NMR (400 MHz, CDCl3) 1.39 (6H, d, J111.1213
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6.8 Hz, CH3-12,13), 2.43 (3H, s, CH3-15), 2.61 (3H, s, CH3-14), 3.71 (1H, hept,
J1112:1113 6.8 Hz, H-11), 7.27 (2H, overlapped, H-2,3), 7.66 (1H, t, Jg 567 7.6 Hz, H-
6, 7.77 (1H, s, H-8), 7.90 (1H, d, Js ¢ 7.6 Hz, H-5'), 8.05 (1H, s, H-5), 8.45 (1H, d, J7¢
7.6 Hz, H-7"), 8.56 (1H, s, H-3"); *C NMR (100 MHz, CDCls) 17.1 (CHs-15), 19.4
(CHs3-14), 23.6 (CH;-12,13), 28.5 (CH-11), 116.4 (CH-8), 121.4 (CH-3), 125.9 (CH-5),
126.5 (CH-2), 127.1 (CH-3"), 128.4 (C-6), 129.3 (CH-6"), 130.1 (CH-5', C-2"), 130.4 (C-
10), 131.2 (C-4"), 131.6 (C-1), 132.5 (C-9), 133.4 (CH-7'), 142.2 (C-4), 147.5 (C-7),
164.0 (C-1); HRESIMS m/z 387.15648 [M + H]" (calcd for Co3H2F30,, 387.15719).

4.4.1.19 7-(m-Chlorobenzoyloxy)-cadalene (31). White crystals; 30.8 mg 91%
yield; UV (MeOH) Anax(log €) 208 (4.73), 216 (4.70), 235 (4.86), 261 (3.87), 282 (4.00)
nm; IR (CHCl3) vimax 3559, 2963, 1739, 1243, 1130 cm*; *H-NMR (400 MHz, CDCls)
1.39 (6H, d, J12111311 6.8 Hz, CH3-12,13), 2.42 (3H, s, CH3-15), 2.60 (3H, s, CH3-14),
3.71 (1H, hept, J1112:1113 6.8 Hz, H-11), 7.26 (2H, overlapped, H-2,3), 7.48 (1H, t,
Jos:6.7 7.6 Hz, H-6"), 7.63 (1H, ddd, Js:¢ 8.0 Hz, J5.3 2.0 Hz, Js:7 0.8 Hz, H-5), 7.74
(1H, s, H-8), 8.03 (1H, s, H-5), 8.16 (1H, dt, J;.¢ 8.0 Hz, J5 0.8 Hz, H-7'), 8.26 (1H, t,
Jas5 2.0 Hz, H-3); *C NMR (100 MHz, CDCls) 17.2 (CH3-15), 19.4 (CH5-14), 23.6
(CH3-12,13), 28.5 (CH-11), 116.4 (CH-8), 121.4 (CH-3), 125.8 (CH-5), 126.5 (CH-2),
128.3(CH-7"), 128.5 (C-6), 129.9 (CH-6'), 130.1 (C-10), 130.2 (CH-3), 131.3 (C-2),
131.6 (C-1), 132.5 (C-9), 133.6 (CH-5"), 134.8 (C-4"), 142.2 (C-4), 147.5 (C-7), 164.1
(C-1'); HRESIMS m/z 353.13062 [M + H]" (calcd for CH,,Cl0,, 353.13083).

4.4.2 Carbamates

7-Hydroxy-3,4-dihydrocadalene (1.0 equiv, 40 mg) was dissolved in CH,Cl, (1 mL)
and a nitrogen atmosphere was generated in the flask containing this solution. EtsN (3.0
equiv, 76.7 pL) and phenyl isocyanate (3.0 equiv, 60.3 pL) were added and the mixture
was stirred at room temperature overnight. Next, the reaction was quenched by adding
ice-cold water and the organic phase was extracted with EtOAc and passed over
Na,SO,. The desired product was purified by PLC (benzene-EtOAc 96:4, two elutions).
The above methodology was applied to obtain the corresponding semisynthetic
carbamate from 7-hydroxy-cadalene.
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4.4.2.1 7-(Phenylcarbamate)-3,4-dihydrocadalene (32). Yellow oil; 20.5 mg 77%
yield; UV (MeOH) /max(log €) 204 (4.87), 225 (4.64), 236 (4.68) nm; IR (CHCI3) vimax
3433, 2960, 1746, 1602, 1524, 1442, 1248, 1175, 1131 cm*; *H-NMR (400 MHz,
CDCl3) 0.82 (3H, d, Ji311 6.8 Hz, CH3-13), 0.90 (3H, d, J1211 6.8 Hz, CH3-12), 1.89
(1H, hept, J1112:11.13 6.8 Hz, H-11), 1.99 (3H, br s, CH3-14), 2.24 (3H, s, CH3-15), 2.36
(3H, overlapped, H-3,4), 5.70 (1H, br d, J,3 1.2 Hz, H-2), 6.97 (2H, overlapped, H-5,8),
7.03 (1H, br s, NH-2"), 7.10 (1H, d, Jg 5.6 7 7.6 Hz, H-6"), 7.34 (2H, br t, Js:6.7.¢ 7.6 Hz,
H-5'7"), 7.46 (2H, d, J45.s7 8.0 Hz, H-4'8"; *C NMR (100 MHz, CDCls) 15.9 (CHs-
15), 18.9 (CHs-14), 20.2 (CH3-12), 21.4 (CHs-13), 25.4 (CH,-3), 30.2 (CH-11), 43.8
(CH-4), 116.5 (CH-8), 118.6 (C-1"), 123.7 (CH-6"), 123.9 (CH-2), 127.8 (C-6), 129.1
(CH-5'7'4'8", 131.0 (CH-5), 131.1 (C-9), 134.7 (C-1), 136.8 (C-10), 137.6 (C-3",
147.4 (C-7); HRESIMS m/z 336.19620 [M + H]" (calcd for CHy6NO,, 336.19635).

4.4.2.2 7-(Phenylcarbamate)-cadalene (33). White solid; 20.6 mg 79% vyield; UV
(MeOH) Amax(log €) 204 (4.80), 209 (4.79), 213 (4.80), 220 (4.79), 238 (4.96), 265
(3.88), 281 (3.99) nm; IR (CHCls) vinax 3433, 2967, 1754, 1527, 1539, 1130 cm *; *H-
NMR (400 MHz, CDCls) 1.38 (6H, d, Ji1211:1311 6.8 Hz, CH3-12,13), 2.47 (3H, s, CH3-
15), 2.61 (3H, s, CH3-14), 3.70 (1H, hept, J1112:1113 6.8 Hz, H-11), 7.10 (2H, d, J4 5-8 7
7.2 Hz, H-4'8"), 7.26 (2H, overlapped, H-2,3), 7.32 (2H, t, Js4.78 7.6 Hz, H-5'7"),
7.46 (2H, overlapped, H-6',NH-2'), 7.75 (1H, s, H-8), 7.99 (1H, s, H-5); *C NMR (100
MHz, CDCls) 17.1 (CHs-15), 19.4 (CHs-14), 23.6 (CH3-12,13), 28.4 (CH-11), 116.7
(CH-8), 118.7 (CH-6"), 121.2 (CH-3), 123.9 (CH-4'8"), 125.7 (CH-5), 126.3 (CH-2),
129.0 (C-6), 129.1 (CH-5'7", 129.3 (C-1"), 129.9 (C-10), 131.6 (C-1), 132.5 (C-9),
137.5 (C-3'), 142.1 (C-4), 147.2 (C-7); HRESIMS m/z 334.18054 [M + H]" (calcd for
C22H24NO,, 334.18070).

4.5 Biological studies

4.5.1 Cell cultures

HaCaT cells (human keratinocytes) were obtained from CLS Cell Lines Service GmbH
(Germany), HaCaT-ARE-Luc, (human keratinocytes), NIH-3T3-KBF-Luc (mouse
fibroblasts), HeLa-STAT3-Luc (human cervix carcinoma) cell lines were constructed in
our lab and the characterization of the cells has been previously described.?” NIH-3T3-
NucLight-Red cells were also generated in our lab by infection with a lentivirus

encoding a nuclear restricted Red Fluorescent Protein under the EF-1[] promoter and
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selected with puromycin. All the cell lines were grown in supplemented DMEM medium
containing 10% fetal bovine serum and 1% penicillin/streptomycin antibiotics, at 37°C
in a humidified atmosphere of 5% CO..

4.5.2. Luciferase Assays

For the anti-NF-xB activity NIH-3T3-KBFLuc cells were stimulated with TNFa (30
ng/mL) in the presence or the absence of the compounds for 6 h. For the activation of
the antioxidant response element that is activated by Nrf2, HaCaTARE-Luc cells were
stimulated with the compounds for 6 h. For the anti-STAT3 activity HeLa-STAT-3-Luc
cells were stimulated with IFN-y (25 IU/mL) in the presence or the absence of the
compounds for 6 h. After the treatment the cells were washed twice in PBS and lysed in
25 mM Tris-phosphate pH 7.8, 8 mM MgCI2, 1 mM DTT, 1% Triton X-100, and 7%
glycerol during 15 min at RT in a horizontal shaker. After centrifugation, luciferase
activity in the supernatant was measured using a GloMax 96 microplate luminometer
(Promega) following the instructions of the luciferase assay kit (Promega, Madison, WI,
USA). For NF-kB inhibition the RLU was calculated and the results were expressed as
percentage of inhibition of NF-xB activity induced by TNFa (100% activation). For
STATS3 inhibition the RLU were calculated and results were expressed as percentage of
inhibition of STAT3 activity induced by IFN-y (100% activation). The specific Nrf2
activation was expressed as fold induction over basal levels (untreated cells). The
experiments for each concentration of the compounds were performed in triplicate
wells.

4.5.3 Cellular antioxidant activity

The intracellular accumulation of ROS was detected by fluorometry using the free
radical sensor 5-(and-6)-chloromethyl-2',7'-dichlorosihydrofluorescein diactetate, acetyl
ester (CM-H2DCFDA) (Life Technologies). HaCaT cells (1 x 10*/well) were seeded the
day before the assay in a 96-well plate using DMEM supplemented with 10% FBS.
After 24 hours cells were pre-incubated with the compounds for 30 min and ROS
production was induced with 0.4 mM Tert-butyl-hydroperoxide (TBHP) (Sigma-
Aldrich, Saint Louis, USA). After 3 hours cells were incubated with CM-H2DCFDA at
a concentration of 10 uM during 30 min at 37°C. ROS production was measured by
changes in fluorescence using the Incucyte FLR software; the data were analyzed by the
total green object integrated intensity (GCUxpm®xWell) of the imaging system
IncuCyte HD (Essen BioScience).
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4.5.4 Western Blots

NIH-3T3-KBF-Luc cells were treated with increasing concentrations of either
compound 13 or with SC514, an IKKp inhibitor, during 15 min at 37°C and
subsequently stimulated with TNFa (30 ng/mL) for 20 min at 37°C. Total cell content
was extracted in 100 puL of lysis buffer (20 mM Hepes pH 8.0, 10 mM KClI, 0.15 mM
EGTA, 0.15 mM EDTA, 0.5 mM Na3 VO4, 5 mM NaF, 1 mM DTT, leupeptin 1
mg/mL, pepstatin 0.5 mg/mL, aprotinin 0.5 mg/mL, and 1 mM PMSF) containing 0.5%
NP-40. After incubation of the lysate at 4 °C during 15 min, proteins were obtained by
centrifugation at 13000 rpm (4 °C for 10 min), boiled in Laemmli buffer and
electrophoresed in 10% SDS polyacrylamide gels. Separated proteins were transferred
to PVDF membranes. Blots were blocked in TBS solution containing 0.1% Tween 20
and 5% nonfat dry milk overnight at 4 °C. Primary antiphospho-IkBo (#9246, Cell
Signaling Technology) and anti-oTubulin antibodies (Sigma-Aldrich) were employed to
detect specific proteins.

4.5.5 Cytotoxic Assays over Human cancer cell lines and gingival fibroblasts

The cytotoxic effects of semi-synthetic derivatives were evaluated on tumor cells
provided by the National Cancer Institute (USA) and on human gingival fibroblasts
(HGF), applying the protein-binding dye sulforhodamine B (SRB) in a microculture
assay to measure cell growth.?® Colon (HCT-15), breast (MCF-7), leukemia (K-562),
central nervous system (U-251, Glia), lung (SK-LU-1), and prostate cancer (PC-3) cells
were cultured in RPMI-1640, and HGF were cultured in DMEM, both supplemented
with 10% fetal bovine serum, 2 UM L-glutamine, 100 IU/mL penicillin G, 100 pg/mL
streptomycin sulfate, and 0.25 pg/ mL amphotericin B and were maintained at 37 °C in
a 5% CO, atmosphere with 95% humidity. For the assay, 100 pL/well of cell
suspension containing 5 x 10* cells/mL (K-562, MCF-7), 7.5 x 10 cells/mL (U-251,
PC-3, SK-LU-1), 10 x 10 cells/mL (HCT-15, HGF), were seeded in 96-well microtiter
plates and incubated to allow cell attachment. After 24 h, 100 pL of each test compound
or positive control was added (all test substances were dissolved in DMSO). After 48 h,
adherent cell cultures were fixed in situ by adding 50 pL of cold 50% (w/v) aqueous
trichloroacetic acid (TCA) and incubated for 60 min at 4 °C. The supernatant was
discarded, and the plates were washed three times with water and then dried. Cultures
fixed with TCA were stained for 30 min with 100 pL of 0.4% SRB solution. Protein-

bound dye was extracted with 10 uM unbuffered Tris base, and optical densities were
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measured at 515 nm on an Ultra microplate reader (EIx808, Bio-Tek Instruments, Inc.).
The results were expressed as percentages of inhibition of cell proliferation at a
concentration of 50 UM or as ICs, values (UM inhibitory concentration at which 50% of
cell proliferation is inhibited), estimated by linear regression equations of dose-response

Ccurves.

4.5.6 Statistical analysis

Data analysis was performed using at least three independent experiments. For NF-kB,
Nrf2 and ROS inhibition reporting results, sample population means were compared
against control population means in an unpaired two-tailed Student’s t test. A p value <
0.05 was considered statistically significant. NF-kB 1Csq calculations were performed
using the GraphPad Prism Program (Graph Pad Software, San Diego, CA, USA).

4.6 Molecular docking

7-Hydroxy-3,4-dihydrocadalene, 7-hydroxycadalene and compound 13 structures were
built using previoulsly reported X-ray crystallography data.’® Geometries were
optimized applying the semi-empirical quantum mechanical method PM3. MGL tools
1.5.4 with AutoDock 4.2% were used to set up and perform blinded docking
calculations between compounds and IKKB crystal structure (PDB ID: 4kik).?**°
Molecules were docked over the entire protein to identify its binding sites. For docking
calculations, Lamarckian genetic algorithms (LGA) were implemented in AutoDock
4.2. The final positions of the compounds were ranked by lowest interaction energy
values (docking score expressed in Kcal/mol). H-bond interactions between the
compounds and protein were explored. The output obtained from AutoDock was further
analyzed with PyMOL software package. Validation of the employed computational
protocol was established through comparison of docking results carried out using data
of co-crystallized ligand (staurosporine analog K252a) bound to the IKK subunit, with
the docking pose of experimental crystal data 2* (Figure S44, Supporting Information).

A docked pose with a RMSD <2 A is considered acceptable.®
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Table 1. Primary screening of some natural cadinane-type sesquiterpenoids on three
molecular targets involved in inflammation and carcinogenesis. A minimal value of
50% of inhibition of NF-kB or STAT3 activation and at least two fold inductions over

Nrf2 pathway at a concentration of 50 UM was considered as positive result.

NF-xB Nrf2 STAT3
Compound jnhibition  activation inhibition

+ +
+++

O©oo~Noolh~ WwNE

(BN
o
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Table 2. Cytotoxic effects of semi-synthetic derivatives against six human cancer cell lines and its activity on specific targets involved
in inflammation and carcinogenesis.
R, R2
Ry

OY@( © | 03 03
o
A

)

11-21 22-31 32 3

Percentage of inhibition of cell proliferation at a concentration of 50 uM Activity in transcription factors
pathways at a concentration of 50
[1Cs0, UM] UM

Compound  Substituent Results are represented as the mean +

standard deviation of at least three
different experiments

Ry R, U-251 PC-3 K-562 HCT-15 MCF-7 SK-LU-1 NF-xB Nrf2 STAT3
inhibition  activation inhibition
(percentage) (fold (percentage)

induction)
11 H H 25.8 22.5 NC 495 60.7 37.0 47.245.3 6.6£0.5 2.4+0.8
12 Cl H 25.6 34.1 58.9 47.4 79.7 17.4 36.1+3.2 1.3+0.4 2.7£1.0

13 CH, H 67.7 49.6 100 78.9 65.0 85.4 76.0+6.6 9.4+0.6 3.1+0.2




92

[30.94%2.2] [40.32+4.1] [33.88%2.2]
14 OCH, H 37.0 60.6 465 308 80.1 186 492+45  19x04 1807
[32.17+2.5]

15 CF, H 147 123 9.0 6.4 40.4 NC 25449 1604  25%05
16 NO, H 16.8 36.7 89.0 67.8 72.9 475 72+39  85:07 1603
[42.47+2.4] [56.3324.9] [42.89+3.3]

17 H Cl 0.9 23.4 NC 53 40.4 306 225+50  14%02  1.5%06
18 H  CH, 16.8 38.6 NC 5.3 54.9 NC 44267  1.7+04  2.3:06
19 H OCH NC 16.3 NC NC 11.9 24.2 412+25 16205  3.3%0.7
20 H  CF, 293 25.4 455 15.0 86.0 183 44+41  19+02  1.7+05
21 H  NO, 44.0 36.9 15.9 45.9 29.3 60.4 35+47  15+04  3.2+08
22 H H 415 21.2 443 72.0 51.0 63.0 345+7.2  19+07 0504
23 Cl H 92.8 81.1 95.4 82.2 76.0 100 155554  1.7+05  1.3%0.6

[35.45£0.7] [44.01%3.6] [19.08+1.8] [33.95+1.1] [32.13%3.0] [23.85:2.2]
24 CH, H 100 723 100 86.5 90.2 100 303+2.9 1803 2907
[22.79+2.1] [23.72+2.0] [8.37+0.6] [12.0+0.5] [8.20+1.3] [10.23+1.6]
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25  OCH, H 426 10.4 88.6 84.0 93.4 328 26948  13%02 25208
26 CF, H 16.5 100 451 55.6 16.8 28.7 5239  1.7%05 09203
[34.04+3.5]
27 NO, H 100 100 100 97.6 100 100 185+3.0  1.8#03  1.6%0.6
[7.75£0.3] [17.57+1.7] [2.2820.2] [7.8820.7] [7.90+1.7] [9.37+0.9]
28 H  CH, 5.2 52.4 17.1 276 50.4 NC 4827  18:06  2.00.3
[47.13+0.7]
29 H  OCH NC 12.5 14.2 35.2 318 306 28t1.9 15202  0.8%05
30 H  CF, NC 26.7 NC NC 415 17.3 48120  19:05  2.7:0.4
31 H Cl 0.8 4.2 NC NC 11.4 11.6 256+3.7  1.7+0.3  1.80.6
32 100 93.2 92.6 92.0 75.1 100 42t21  16+03  3.3%0.7
[0.46£0.03] [7.930.6] [0.30£0.04] [0.03£0.01] [4.0520.1] [0.12+0.01]
33 100 44.7 100 84.7 100 90.4 133+41 14204  3.0%0.9
[15.78+1.6] [8.62t1.1] [13.97+0.4] [3.88+0.5] [10.05+0.8]
Cisplatin 331206 8.30%0.7 53412  10.02¢10 943t11  2.03:0.1
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U-251 = Central Nervous System (Glia) PC-3 = Prostate K-562 = Leukemia HCT-15 = Colon MCF-7 = Breast SK-LU-1 = Lung
NC = No cytotoxic
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The effects of ten natural cadinane sesquiterpenoids isolated from Heterotheca imuoides on the pathways of the NF-xB,
Nrf2 and STAT3 transcription factors were studied for the first time. The main constituent in this species, 7-hy-
droxy-3.4-dihydrocadalene (1), showed anti-NF-kB activity and activated the antioxidant Nri2 pathway. which may ex-
plain the properties reported for the traditional use of the plant. In addition to the main metabolite, a structurally similar
compound, 7-hydroxy-cadalene (2), also displayed anti-NF-kB activity. Thus, both natural compounds were used as tem-
plates for the preparation of a novel semi-synthetic derivative set, including esters and carbamates, which were evaluated
fior their potential in vitro antiproliferative activities against six human cancer cell lines. Carbamate derivatives 32 and

Keywords: 33 were found to exhibit potent activity against human colorectal adenocarcinoma and showed important selectivity in
Hererotheca inuloides cancer cells. Among ester derivatives, compound 13 was determined to be a more potent NF-xB inhibitor and Nrf2 acti-
Cadinanes

vator than its parent, 7-hydroxy-3.4-dihydrocadalene (1). Furthermore. this compound decreases levels of phospho-IxBa,
a protein complex involved in the NF-xB activation pathway. Molecular simulations suggest that all active compounds
interact with the activation loop of the IKKp subunit in the IKK complex, which is the responsible of IkBa phospho-
rylation. Thus, we identified two natural. and one semi-synthetic, NF-xB and Nrf2 modulators and two new promising

Transeription factors
Semisynthesis
Antiproliferative activity

cylotoxic compounds.

22016 Published by Elsevier Ltd.

1. Introduction

The relationship between inflammation and the development of
cancer is now widely accepted. Although this connection could be
complicated, evidence suggests that long-standing inflammation pre-
disposes to cancer.'” Furthermore, the molecular pathways that link
inflammation and cancer are now known. These extrinsic and intrin-
sic pathways converge, which results in the activation of transcrip-
tion factors, mainly nuclear factor-xB (NF-kB), signal transducer and
activator of transcription 3 (STAT3) and hypoxia-inducible factor la
(HIFla), in tumor cells.® Activation of NF-xB in inflammatory cells
leads to the production of secreted factors that enhance the growth,
the survival and the vascularization of carcinoma cells.*” STAT3 is
considered one of the most promising new targets for cancer ther-
apy. Its activation in tumor cells and the tumor microenvironment
promotes cell proliferation, survival and invasion and facilitates can-
cer development through inflammation.® Another transcription factor
known to play an important protective role in suppressing oxidative
stress and inhibiting carcinogenesis is the nuclear factor-erythroid 2

* Corresponding author.
Email address: delgadofunam.mx (G. Delgado)

http://dx.doi.org/10.1016/.bmc.2017.03.069
0968-0896/© 2016 Published by Elsevier Lid.

p45-related factor 2 (Nrf2). Activation of Nrf2 inhibits inflammation
and facilitates adaptation bz’ upregulating repair and degradation of
damaged macromolecules.”

The aforementioned knowledge facilitates the investigation and
development of substances that target the inflammatory components
of the cancer microenvironment. Indeed. several experimental, epi-
demiologic, and clinical studies suggest that anti-inflammatory agents
are promising as cancer therapeutics.”'"

Naturally occurring compounds are a representative group of sub-
stances displaying chemopreventative effects, and many of them re-
sult from anti-inflammatory properties.'" It has been demonstrated that
some natural products could exert regulation at a transcriptional level
in the molecular mechanisms involved in inflammation and cancer.
Thus, they represent an interesting source of potentially useful agents
for prevention and therapy. 2

Despite the biological activities of many natural products being
broadly studied, the identification of the cellular targets or pathways
involved in these activities represents a challenge that could explain
the traditional uses of several species in folk medicine. '

Heterotheca inuloides (H. inuloides) is a highly regarded plant in
Mexican traditional medicine, mainly for the treatment of inflamma-
tory ailments, motivating investif,ations of its chemical constituents
and their biological activities.'” These studies have shown that
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sesquiterpenoids are the major secondary metabolites from this plant.
It has been demonstrated that these compounds exhibit anti-inflam-
matory pmperties;'s’m however, the molecular mechanism associated
with their activity has not been investigated.

Here, we report the evaluation of ten natural cadinanes on well de
fined pathways involved in inflammation and carcinogenesis, and the
semi-synthesis of a derivative set that started from the active com-
pounds. The cytotoxic effect of derivatives was tested on six human
cancer cell lines and correlated with the inhibition or activation of the
NF-kB, STAT3 and Nrf2 pathways. To propose in a preliminary way
the mechanism of inhibition of the NF-xB pathway exerted by these
compounds, computational docking was performed using the crystal
structure of a protein involved in the NF-xB activation.

2. Results and discussion

2.1. Isolation and initial biological screening on well-defined
pathways invelved in inflammation and carcinogenesis

A total of ten sesc!ruiterpene—type metabolites displaying anti-in-
flammatory activities"'® were obtained from the aerial parts of H.
inuloides (Fig. 1). 7-Hydroxy-3.4-dihydrocadalene (1) and 7-hy-
droxy-cadalene (2) were re-isolated by conventional chromatographic
methods (experimental section), and compounds 1-8 were obtained
in previous investigations carried out in our laboratory."® The isolated
compounds were tested in NF-xB, Nrf2 and STAT3-dependent lu-
ciferase gene reporter assays, where the amount of the luciferase gene
product reflects the extent of the transcription factor activation.

Interestingly, we found that although compounds 1-10 have a high
structural similarity, only two of them showed important activity on
the evaluated targets, showing their high selectivity (Table 1). 7-Hy-
droxy-3,4-dihydrocadalene (1) and 7-hydroxy-cadalene (2) showed
anti-NF-kB activities, and 7-hydroxy-3.4-dihydrocadalene was also
able to activate antioxidant Nrf2 pathway. All compounds were inef-
fective as STAT3 inhibitors. These results could explain the use of
H. inuloides in Mexican folk medicine, since both NF-kB and Nrf2
transcription factors regulate inflammatory processes that are the most
common conditions for which this plant is used. Furthermore, be-
cause 7-hydroxy-3.4-dihydrocadalene (1) is the main constituent in
this specizs, it might significantly contribute to the anti-inflammatory
activity observed in its extracts. Our observation agrees with several
studies that have demonstrated that inhibition of the NF-kB pathway is
an important mechanism exerted by many natural products with ther-
apeutic and preventive effects.’ 9
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2.2, Semi-svnthesis, biological evaluations and molecular docking

Metabolites 1 and 2 showed positive activity on the primary
screening and were selected as scaffolds for the preparation of a novel
semi synthetic derivative set by simple reactions where the existing
functional group could be manipulated to make additional structures.
The reactive phenol was transformed to the corresponding benzoates
that have electron donating or electron withdrawing substituents in the
meta and para positions (Scheme 1). While generating novel struc-
tures, two carbamate derivatives were obtained by the reaction of se-
lected natural products with phenyl isocyanate (Scheme 1).

All semi-synthetic compounds were then subjected to a new bio-
logical screening on the selected pathways to analyze how the struc-
tural modifications undertaken might have affected their activities.
Table 2 summarizes the results of this primary screening along with
the cvtotoxic effect of derivatives on six human cancer cell lines.

The anti-NF-xB activity previously observed for 7-hydroxy-3.4-di-
hydrocadalene (1) decreased slightly but was retained by the ben-
zoate derivative 11, indicating that some structural modifications on
the phenol moiety of the natural product could be carried out with-
out significantly affecting this activity. However, it was clear that the
type and position of the substituent on the benzoyl group is deter-
minant, since compounds 13 and 14 having electron donating groups
in the para- position showed better anti-NF-xB activities that deriv-
ative 11 having not substitution. In contrast, compounds 12, 15 and
16, having electron withdrawing substituents in the para-position, de-
creased their activities in comparison with derivative 11. Benzoate de-
rivatives 17-21 having a substitution in the meta-position displayed
less anti-NF-xB activity than their corresponding derivatives having
para-substitution. Although all benzoate derivatives prepared from
7-hydroxy-cadalene (2) were less active for NF-xB inhibition than
their parent, their activity patterns were generally similar to those of
7-hydroxy-3.4-dihydrecadalene (1) derivatives. These patterns indi-
cated a better activity for those compounds containing electron donat-
ing groups in the para-position.

The Nrf2 activating effect observed for 7-hydroxy-3.4-dihydro-
cadalene (1) was notably improved in the benzoate derivatives 11,
13 and 16. Unlike what was observed for the activities of these de-
rivatives on the NF-kB pathway. where the electronic effects of the
substituents in the benzoyl moiety seemed to be the determinant, the
Nrf2 pathway does not show a clear correlation of these effects with
the variation of the pctency of compounds. This was because of the
presence of electron donating or electron withdrawing groups in com-
pounds 13 and 16, respectively, does not affect the activity. How-
ever, in comparison with derivatives 12, 14 and 15 having substituents
such as chlorine, methoxyl and trifluoromethyl, respectively, com-

z L} 10

Fig. 1. Structure of cadinane type sesquiterpenoids isolated from H. ineloides.
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Table 1

Primary screening of some natural cadinane-type sesquiterpenoids on three molecular
pathways involved in inflammation and carcinogenesis. All compounds were tested at
a concentration of 50 uM. Results are represented as the mean # standard deviation of
at least three different experiments. A minimal value of 50% of inhibition of NF-xB
or STAT3 activation and at least two fold inductions in Nrf2 pathway were considered
positive results.

NF-kB inhibition Nri2 activation (fold ~ STATS3 inhibition

Compound  (percentage) induction) (percentage)
1 D836 3105 21409
2 6l.5+38 L7+04 3511
3 265+5.7 1.9+04 09+04
4 J88+66 1.3£03 22406
5 1L1+32 1L7+06 24+%16
6 59+24 1L.4+04 38403
7 12362 1.9+0.6 3607
] 7344 1L.8£02 29205
9 6.7£39 L.7+0.6 g1
10 40.1+4.1 Le+035 3516

hemistry xxx (2017) xxx-xxx 3

pounds 11, 13 and 16 were notably more potent. This possibly in-
dicates that no substitution in the para-position. or substitution with
methyl or nitro groups, confers to the molecule a suitable conforma-
tion in the pose over one of the receptors involved in the Nrf2 activa-
tion pathway.

The patential of compounds showing NF-xB inhibition and Nrf2
activation properties on the primary screening were then compared
through dose-response experiments where luciferase activiies were
measured in cells pre-treated with increasing concentrations of the
substances (Fig. 2). The most active compound among those show-
ing anti-NF-xB activity was 7-hydroxy-cadalene (2) with an IC,, of
165+ 2.2 uM, followed by compound 13 and 7-hydroxy-3,4-dihy-
drocadalene (1) with IC;, values of 47.1 £2.9 pM and 72.0 = 3.4 pM,
respectively. The decrease on luciferase activity produced by these
compounds was not a consequence of its cytotoxicity over the em-
ployed cell line. Through kinetic assays, we determined that these
compounds are not cytotoxic at the concentrations at which the
anti-NF-xB  activities were evaluated (Fig. S43, supporting
information).

Cl

R
‘ pyr. i, 24 h

Compound R, R;
11 H H
12 Cl H
13 CH, H
14 OCH, H
15 CF, H
16 NO, H
17 H Cl
18 H CH,
19 H OCH,
20 H CF,
21 H NO,

Scheme 1. Semi-synthesis of ester and carbamate derivatives prepared from cadinane-type natural products.
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O*T’ it 1) CH,Cl, RzD)LCI ©
o 2)ELN HO. R; _ 0
OG B N=E=0 CG oyt 24h CG
3}@
33 e 22.31
Compound R, R,

a2 H H
23 cl H
24 CHa H
25 OCH, H
26 CF, H
27 NO, H
28 H CH;
29 H OCH,
30 H CF,
31 H cl

Scheme 1. {Continued)

Compound 13 was clearly the best promoter of Nrf2 activation,
showing its optimum effect at doses lower than 50 uM because its
activity decreases at higher concentrations. As the Nri2 transcription
factor regulates the cellular redox status, some substances that behave
as oxidizing agents could indirectly activate the Nrf2 pathway. For this
reason, we decided to investigate whether the activating effect on the
Nrf2 pathway exerted by compound 13 is a simple consequence of its
cellular oxidant effect. Hence, the intracellular accumulation of reac-
tive oxygen species (ROS) was monitored on keratinocytes pre-incu-
bated with increasing concentrations of compound 13. Fig. 3 shows
the fluorometric quantification of ROS using the free radical sensor
CM-H2DCFDA (see experimental section for details). The results re-
vealed that compound 13 does not induce the production of ROS. In
contrast, it reduces its concentration induced by rert-butyl-hydroper-
oxide (TBHP), which 1s similar to the antioxidant molecule N-acetyl-
cysteine (NAC).

Considering that the signaling pathways involved in the activation
of the studied transcription factors represent a focus for pharmacolog-
ical interventions in situations of chronic inflammation or in cancer,
compound 13 showed the best biological profile among ester deriva-

tives by having three important properties. It could activate the Nrf2
pathway, neutralize ROS production and inhibit the NF-xB pathway,
which is generally considered as beneficial for cells. For these rea-
sons, we decided to investigate its possible mechanism of action by
evaluating its effect on phospho-lxBa, a protein complex involved
in the NF-«B activation pathway. In most cells, NF-xB dimers such
as p5S0/RelA are retained in the cytoplasm by interaction with an in-
dependent 1xB protein (often IkBa). Activation of NF-xB dimers is
the result of the phosphorylation, ubiquitination and degradation of
the IxB imhibitor that is mediated by the IKK complex, which en-
ables the NF-xB dimers to enter the nucleus and activate specific gene
expression tmgcts,ls Therefore, Western blot analysis was performed
to detect levels of endogenous protein expression on cells treated
with compound 13. The results revealed that levels of phospho-IxBa
decreased in cells incubated with this semu-synthetic derivative and
then treated with TNFu to induce IxBu phosphorylation (Fig. 4). The
above observations mean that compound 13 prevents the phosphory-
lation and degradation of the cytoplasmic IxBa protein. Many sub-
stances have been described that inhibit IxB phosphorylation driving
to block proteasomal degradation of IkB and allowing it to sequester
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Table 2
Cytotoxic effects of semi-synthetic derivatives against six human cancer cell lines and their activities in specific pathways involved in inflammation and carcinogenesis. A minimal
value of 30% of inhibition of NF-xB or STAT3 activation and at least two fold inductions in Nrf2 pathway were considered positive results.

Ry Ry
Ry Ry
Oﬁr MH 0 ﬁINH
PSS m )@i}
/i‘\. /i“\
11-21 2231 a2 33
Activity in transcription factors pathways at a
Compound  Substituent Percentage of mhibition of cell proliferation at a concentration of 50 pM concentration of 50 pM

Some 1Csy values of the most active compounds are included in brackets and represented as Results are represented as the mean + standard

the mean + standard error of at least three different experiments deviation of at least three different experiments
NF-xB Nrf2 activation STAT3
inhibition (fold inhibition
R, R, U-251 PC-3 K-562 HCT-15 MCF-7 SK-LU-1 (percentage) induction) (percentage)
11 H H 258 25 NC 495 60.7 37.0 472+£53 66205 24£08
12 Cl H 256 341 589 474 79.7 174 36.1£32 1304 27£1.0
13 CH; H 67.7 496 100 789 63.0 B5.4 76.0 = 6.6 94206 3.1+02
[30.94+22] [4032+4.1] [33.88+£22]
14 OCH, H 370 60.6 46.5 30.8 LR 18.6 492£45 1904 LE£0.7
[32.17£235]
15 CF, H 14.7 123 9.0 64 404 NC 25449 1Lo=04 252035
16 NO, H 16.8 367 89.0 67.8 728 475 72+£39 8507 1.6£03
[4247+24] [36.33£4.9] [42.89 £ 33]
17 H Cl 0.9 234 NC 53 404 30.6 D5+£50 14+02 1.5£0.6
18 H CH, 16.8 386 NC i3 549 NC M2£67 1.7+04 23x06
19 H OCH; NC 163 NC NC 1.9 4.1 41,225 Le+03 33207
0 H CF, 293 254 455 15.0 86.0 18.3 4441 1902 1.7£0.5
21 H NO, 440 369 159 459 293 6.4 3547 1504 32£08
22 H H 415 212 443 720 51.0 63.0 M5+£72 1907 0504
23 Cl H 928 811 954 822 76.0 100 15554 1.7£05 1.3£06
[3545£07] [4401£36] [19.08+1.8] [3395%1.1] [32.13+£3.0] [2385%22]
4 CH; H 100 723 100 86.5 90.2 100 30329 1803 2907
[2279+£2.1] [23.72+£20] [R37£0%] [120+05] [R20+13] [10.23£1.6]
25 OCH; H 426 104 88.6 84.0 934 328 26948 13+02 25%08
26 CF, H 16.5 100 45.1 55.6 16.8 287 5239 L.7£05 0903
[34.04 £35]
7 NO, H 100 100 100 97.6 100 100 18530 1803 Le=0.6
[7.75£0.3] [1757+£1.7] [228£02] [788x0.7] [790+17] [937£09]
I8 H CH, 52 524 17.1 276 504 NC 48+£27 1806 20£03
[47.13+0.7])
29 H OCH; NC 125 142 352 3R 30.6 218+19 15+02 DE£0S5
30 H CF,y NC 267 NC NC 415 17.3 4820 19+05 2704
31 H Cl 0.8 42 NC NC 1.4 1.6 25637 1.7£03 LEx0.6
32 - 100 932 Q2.6 920 75.1 100 42x2.1 1603 33207
[046£0.03] [7934£06] [030£0.4] [0.03x001] [405+01] [012x0.01]
33 - 100 447 100 847 100 90.4 133+4.1 1404 30£09
[1578+1.6] [862£1.1] [13.97+04] [3.88+05] [10.05 £ 0.8]
Cisplatin =~ - 33106 83007 34212 10,02 1.0 943+1.1 203011 == - =

U-251 = Central Nervous System (Glia).
PC-3 = Prostate.
K-562 = Leukemia.
HCT-15 = Colon.
MCF-7 = Breast.
SK-LU-1=Lung.
NC = No eytotoxic.

NF-xB in the cytoplasm in an inactivated state.'” It is well known This complex is activated by phosphorylation of its main subunit,

that inhibition of NF-kB activation can occur by several mechanisms KK, in the activation loop at two sites, Ser-177 and Ser-181.%"

at different levels of the pathway. One of them is the inhibition of Based on the results showing that compound 13 prevents the phos-

IxB phosphorylation by agents that act directly at the IKK complex." phorylation and degradation of the IkBa protein, we decided to ra-
tionalize the experimental activity at a molecular level. It has been
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Fig. 2, Effects of H. inuloides compounds and some semisynthetic derivatives on NF-kB and Nrf2 activation. {A) NIH-3T3-KBF-Luc cells (fibroblasts) were pre-treated with in-
creasing concentrations of the compounds for 13 min and then stimulated with TNFa (30 ng/mL) for 6 h, after which the luciferase activities were measured in the cell lvsates and
expressed as percentage of activation considering 100% the value of TNFa-induced NF-xB activation. (B) HaCaT-ARE-Luc cells (keratinocytes) were treated with increasing con-

centrations of the compounds for 6 h. Luciferase activity was measured in the cell lysates and expressed as fold induction over basal levels, Sample

Popu]nu'nn means were compared

against control population means using an unpaired two-tailed Student’s ¢ test. A p value <0.05 was considered statistically significant {.p <0.05, 'p <001, ...P < 0.001). Positive
and negative controls are included 1n the supporting information (Figs. 544, 545 and S46).

(A) Control

(B) TBHP

ROS = 100 %

(E) TBHP+Compound 13  (F) TBHP+Compound 13 (G) TBHP+Compound 13

{50 pM) (75 uM)

ROS=558+44%

(C) TBHP+Compound 13 (D) TBHP+Compound 13

ROS=520+156%

|10|M| 25 |M

ROS=747+89% ROS=645+20%

(H) TBHP+NAC
(100 pM)

ROS=259+107% ROS=10+03%

Fig. 3. Fluorometric detection of ROS using the free radical sensor CM-HZDCFDA on HaCaT cell line. {A) Cells over basal conditions. (B) Cells treated with the oxidant compound
TBHP (0.4 mM}). {C=G) Cells pre-incubated with increasing concentrations of compound 13 and then treated with TBHP (0.4 mM). (H} Cells pre-incubated with the antioxidant NAC
(15 mM) and then treated with TBHP (0.4 mM). ROS was measured by changes in fluorescence through imaging analysis of the total green object integrated intensity and expressed
as percentage of ROS considering 100% the value of TBHP induction. The results are represented as the mean + standard deviation of at least three different experiments. Unpaired
two-tailed Smdent’s ¢ test of the sample population means compared against TBHP population means showed suatistically significant differences.

reported that the staurosporine analog K252 is a ligand that inter-
acts with the protomer B of the human IKKJ crystal structure (PDB
1D: 4kik}.1' On this basis, molecular docking studies were conducted
to evaluate the putative binding modes of compound 13 and stau-
rosporine analog K252 into human IKKp. The docked structure in Fig.
5 clearly indicated that compound 13 interacts with the ATP-bind-
ing pockets by Van der Waals forces (AG=-9.43 kcal/mol). A

AG=—8.67 kcal/mol was calculated for staurosporine analog K252,
and the position was similar to that on crystallized structure previous
reported (RMSD = 0.074 A). The value of RMSD indicates good re-
producibility and a suitable validation of the docking protocol. More-
over, the protein-ligand interactions between IKKJ and staurosporine
analog K252a, found by computational analyses applying our model,
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TR . ® occurs with compound 13, compound 18 also interacts with the
Compound 13 {uM) - : 1 & 10 - ATP-binding pockets of IKKP by Van der Waals forces (Fig. S48,
SCH14 (M) 3 . . i i o supporting information) but with a lower energy of union

Fig. 4. Compound 13 inhibits phospho-lxBa protein expression. NIH-3T3-KBF-Luc
cells were incubated with either increasing concentrations of compound 13 or with the
IKK inhibitor SC514 during 15 min and then stimulated with TNFa for 20 min. The
total cell content was extracted and analyzed to detect the levels of the phospho-IcBa
and total IxBa proteins expression using Western blotting.

were similar to those reported for the co-crystallized form (Fig. 847,
supporting information),

These results could explain in a preliminary way the inhibitory ac-
tivity of compound 13, since it was positioned at the activation loop
in the protomer B (residues 166—194), which assumes a conforma-
tion characteristic of an active kinase.”' Those residues are close to
the key residues (Ser-177 and Ser-181) for the phosphorylation and
subsequent activation of the IKK complex. In this way, the complex
protein-compound 13 destabilizes the correct folding of the activation
loop. The inactive form IKK complex cannot phosphorylate IxB in-
hibitor, thus preventing NF-xB release. As previously discussed, the
position of the substituent on the benzoyl moicty of the ester deriv-
atives affects their activity on the NF-xB pathway. Considering this
observation, the structure of compound 18, whose structural differ-
ence with compound 13 is only the position of the methyl substituent,
was also docked at the IKKP subunit. The results showed that such as

(AG = =5.02 keal/mol), which could explain its minor activity on
NF-kB inhibition in comparison with derivative 13,

Additionally, the molecular structures of 7-hydroxy-cadalene (2)
and 7-hydroxy-3.4-dihydrocadalene (1), both showing in vitro
anti-NF-xB activities, were also docked at the IKK[} subunit. The re-
sults revealed that compounds 1 and 2 could fit well into the acti-
vation pocket through hydrogen bonds with the amino acids Cys-97,
Cys-99, Glu-149 and Asn-150 (Fig. 6). The 7-hydroxyl groups make
hydrogen bond contact with residue Cys-97 and Cys-99. with a
AG =-7.38 kcal/mol and AG ==7.35 kcal/mol, respectively, indicat-
ing that the interaction process is spontancous and highly favored.
Among natural products experimentally tested over the NF-xB path-
way (all having the cadinane skeleton), we selected one of the less po-
tent to dock its structure on the IKKP subunit. Compound 8, whose
structural differences with compound 1 are the substituents on the po-
sitions 6 and 7, has a different binding site respect to the ATP-binding
pockets (Fig. $49, supporting information). In this way, it could be in-
ferred that the positive activity experimentally observed for the tested
compounds depends on its specificity to the ATP-binding pockets of
the IKKf} subunit.

Hydrogen bonding and Van der Waals forces probably play a ma-
jor role in interaction of compound 1 and 2, while presumably Van der
Waals forces are the determinant in the interaction of compound 13
with the ATP-binding pocket.

The primary evaluation of the cytotoxic activities of derivatives
over central nervous system, prostate, leukemia, colon, breast and
lung eancer cell lines allowed the selection of the most active sub-
stances to establish their 1Cs; values (Table 2). These values revealed
important activities of the semi-synthetic compounds on leukemia
and colon cancer cells. Among the ester derivatives, compounds 24
and 27 were the most potent, with [Cs;, values of 8,37 + 0.6 uM and

Fig. 5. Docking of staurosporine analog K252 and compound 13 at the protomer B of the human IKK [} erystal structure (PDB 1D: 4kik). (A) Staurosporine analog K252 interacts with
the ATP-binding pockets through hydrogen bonds with the amino acids Cys-97, Cys-99, Glu-149 and Asn- 150 (B) Compound I3 interacts with the ATP-hinding pockets by Van der

Waals forces (AG =—9.43 kcal/mol),

Fig. 6. Docking of staurosporine analog K252, 7-hydroxy-3 4-dihydrocadalene and 7-hydroxy-cadalenc at the protomer B of the human IKKJ) crystal structure (PDB 1D: dkik). (A)
Staurosporine analog K232 interacts with the ATP-binding pockets through hydrogen bonds with the amino acids Cys-97, Cys-99, Glu-149 and Asn-150 (B) 7-hydroxy-3,4-dihydro-
cadalene (pink} and 7-hydroxy-cadalene (green) interact with the ATP-binding pockets; the 7-hydroxyl group makes hydrogen bond interaction with the residue Cys-97 and Cys-99.
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2.28 £ 0.2 uM, respectively, for leukemia cells. Carbamate derivatives
32 and 33 were highly cytotoxic on human colorectal adenocarcinoma
with 1C;, values of 0.03 £ 0.01 pM and 3.88 = 0.5 uM., respectively.
It was clear that the inhibition of cell proliferation over leukemia and
colon cancer cells exerted by these four compounds were not a direct
consequence of their activity on the evaluated pathways, since they did
not show an important effect on NF-xB, Nrf2 or STAT3. This could
mean that a different cellular death mechanism could be involved in
the effect observed or simply that these compounds are highly toxic
on any type of cell. This latter result is undesirable since it is essen-
tial that new potential anticancer compounds affect a icular tar-
get or pathway involved in the process of malignancy.'” For this rea-
son, we decided to evaluate its cytotoxicity on a non-tumorigenic pri-
mary cell culture from human oral tissue (gingival fibroblast). The re-
sults revealed that compounds 24 and 27 showed a 13.37 + 1.8% and
43.03 £ 1.8%, respectively, of inhibition of cell proliferation at a con-
centration of 50 pM, indicating low toxicity on healthy cells. More-
over, at this concentration both compounds produce a 100% of inhi-
bition of cell proliferation in leukemia (Table 2). Compound 32 also
showed low cytotoxicity in gingival fibroblasts with a 38.24 £ 1.7% of
inhibition of cell proliferation at a concentration of 50 uM. Although
compound 33 was less potent than 32 for inhibition of human colorec-
tal adenocarcinoma cell proliferation, it was not cytotoxic on gingi-
val fibroblast, which makes it interesting in terms of selectivity. A va-
riety of mechanisms of cell death have been demonstrated for com-
pounds containing the carbamate functionality. For instance, Entinos-
tat, a synthetic benzamide derivative containing a pyridylmethyl car-
bamate fragment, acts as an antitumor agent through histone deacety-
lase inhibition.”> Mitomycin C, a natural chemotherapeutic agent in
the treatment of several types of cancer, interacts with ribosomal RNA
producing inhibition of protein translation.” Recently, the discovery
of a potent semi-synthetic phenyl carbamate showing in vitro activity
against breast cancer cells through a mechanism involving the receptor
tyrosine kinase c-Met has been n=.']::vnm:‘d.‘!4 The ability of carbamates
to modulate inter- and intramolecular interactions with the target en-
zymes or receptors has been widely used in medicinal chemistry.?

Although it is known that some anticancer agents that have shown
anti-NF-kB activity may exert their effects by lessening proliferation,
antiapoptotic or inflammatory activity of NF-xB." we did not find
a correlation of the anti-proliferative activity of the compounds in
leukemia and colon cancer cells (with their capacity of inhibition of
the NF-xB pathway). It is possible that the potency of these com-
pounds for inhibit inflammatory pathways could decrease the optimal
conditions for cancer development at an early stage; however, this ef-
fect could not be significant enough to cause important inhibition of
cancer cell proliferation.

3. Conclusions

The effect of cadinane sesquiterpenoids isolated from H. inuloides
on two pathways involved in inflammation was observed. The re-
sults indicated that 7-hydroxy-3,4-dihydrocadalene (1), the main con-
stituent in this species, inhibits the NF-xB pathway and is able to ac-
tivate the antioxidant Nrf2 pathway, which may correlate with the use
of this species in Mexican folk medicine.

A novel semi-synthetic set, including ester and carbamate deriv-
atives, was prepared using the active natural cadinanes as scaffolds.
Derivative 13 was more potent for NF-xB inhibition and Nrf2 acti-
vation when compared with its parent 7-hydroxy-3.4-dihydrocadalene
(1). Additionally, compound 13 reduces the intracellular accumula-

tion of ROS induced by TBHP and decreases levels of phospho-1xBa,
a protein complex involved in the NF-xB activation pathway. Dock-
ing analyses revealed that compound 13 is positioned at the activation
loop of the IKKP subunit, which may explain in a preliminary way,
how it prevents [kBa phosphorylation.

Carbamate derivatives 32 and 33 showed potent in vitro cytotoxic
activities against human colorectal adenocarcinoma with minimal tox-
icity on human gingival fibroblast cells. These compounds were inef-
fective on NF-kB, Nrf2 and STAT3 transcription factors, indicating a
cell death mechanism involving different pathways or targets. Thus,
further investigations are needed.

Cadinane sesquiterpenoids could now be considered a novel class
of natural NF-xB and Nrf2 modulators, which can be useful as tem-
plates for the development and optimization of new substances with
anti-inflammatory and anticancer activities.

4. Experimental section
4.1. General methods

UV spectra were obtained on a Shimadzu UV-VISIBLE recording
Spectrophotometer. IR spectra were recorded on a Bruker Tensor 27
spectrometer. 'H and 3C NMR spectra were measured on a Bruker
Avance III, 400 MHz NMR instrument. Chemical shifts are reported
in parts per million (4) relative to TMS, and coupling constants (/) are
reported in Hz. The complete assignment of 'H and B¢ signals was
carried out by an analysis of the correlated homonuclear H,H-COSY,
and heteronuclear H,C-HSQC and H,C-HMBC spectra. The HRMS
data were taken on a Jeol The AccuTOF JMS T100 LC system with a
direct analysis in real time ESI+ ionization mode.

Vacuum liquid chromatography (VLC) was carried out using
spherical silica gel with pore size 60 A and 230400 mesh particle
size. Reactions were monitored by TLC employing Merck silica gel
60 Fisyq plates (0.2 mm) visualized with either an UV lamp (254 and
365 nm) or a charring solution (12 g of ceric ammonium sulfate dihy-
drate, 22.2 mL of concentrated H,80,, and 350 g of ice). PLCs were
conducted using Merck silica gel 60 F,s4 glass plates (2 mm).

4.2. Plant material

H. inuloides (aerial parts) was collected in the region of Ozumba,
in Estado de México, Mexico in October 2012. Voucher specimen was
authenticated by Edelmira Linares and Robert Bye (collection of E.
Linares 2754 and R. Bye) and deposited in the National Herbarium
(MEXU), Instituto de Biologia de la Universidad Nacional Auténoma
de México.

4.3, Extraction and isolation

7-Hydroxy-3,4-dihydrocadalene (1) and 7-hydroxy-cadalene (2)
preparative amounts were obtained by fractionation of an acetonic ex-
tract (348.6 g) prepared by maceration (3 times/24 h) of dried and
powdered plant material (10 kg). This extract was concentrated under
reduced pressure and subjected to separation processes by VLC us-
ing a hexanes-EtOAc gradient as mobile phase. From fractions eluted
with hexanes-EtOAc 75:25 and 70:30 were obtained 2.7 g of 7-hy-
droxy-3,4-dihydrocadalene and 331 mg of 7-hydroxy-cadalene, re-
spectively, which were purified through recrystallization from hexa-
nes. Spectroscopic data were compared with authentic samples from
our laboratory. Metabolites 1-8 were isolated in previous investiga-
tions carried out by our group. "
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4.4. Semi-synthetic derivatives

4.4.1. General pracedure for esterification of
7-hydroxy-3,4-dihvdrocadalene (1) and 7-hydroxy-cadalene (2)

A solution of either 7-hydroxy-3.4-dihydrocadalene (1.0 equiv) or
7-hydroxy-cadalene (1.0 equiv) in anhydrous pyridine (1 mL/20 mg
of natural product) was flushed with nitrogen gas and then a balloon
filled with helium gas was connected to the septum. This solution was
treated with the respective benzoyl chloride reagent (2.0 equiv) hav-
ing electron donating or electron withdrawing substituents in meta and
para positions (Sigma Aldrich). After 24 h stirring the mixture was
quenched with ice-cold water and the organic phase was extracted
with EtOAc. Excess pyridine was neutralized with HCI (10%), and
subsequent addition of a saturated solution of NaHCO, avoided acid-
ification of the medium. The resulting mixture was treated with a
saturated solution of NaCl and the organic phase was passed over
Na,S0, to remove remaining water. Purification of each one of the
semisynthetic esters was carried out by PLC (hexanes-EtOAc 90:10,
two or three elutions). Preparation and structural characterization of
derivatzi;-'es 11 and 22 have been previously described by our research
group.

4.4.1.1. 7-(p-Chloro-benzayloxy)-3,4-dihvdrocadalene (12)

Yellow oil: 344 mg 81% yield, UV (MeOH) A (loge) 204
(4.77), 224 (4.52), 239 (4.63) nm; IR (CHCI5) vy, 3536, 2961, 1734,
1594, 1260, 1130, 1093 cm™'; "H NMR (400 MHz, CDCly) 0.84 (3H,
d, J,;,, 6.8 Hz, CH;-13), 091 (3H, d, J;;,; 6.8 Hz, CH;-12), 1.91
(1H, hept, J;; ;51553 6.8 Hz, H-11),1.99 (3H, br s, CH;-14), 2.19
(3H, s, CH;-15), 2.38 (3H, overlapped, H-3,4), 5.72 (1H, br d, J,;
1.2 Hz, H-2). 6.96 (1H, s, H-8), 7.00 (1H, s, H-5), 7.50, (2H, br d,
in',az-a:r 6.8 Hz, H-4',6"), 8.17, (2H, br d, J; ;. 4 » 6.8 Hz, H-3",7");
B¢ NMR (100 MHz, CDCl;) 16.0 (CH;-15), 18.9 (CH5-14), 20.2
(CHs-12), 21.4 (CH5-13), 25.5 (CH»-3), 30.2 (CH-11), 43.8 (CH-4),
116.2 (CH-8), 124.0 (CH-2), 127.3 (C-6), 128.1 (C-5"), 1289
(CH-4',6"), 131.1 (CH-5), 131.5 (CH-3.7", C-9), 134.8 (C-1), 137.0
(C-10), 140.0 (C-2"), 1478 (C-7), 164.2 (C-1"); HRESIMS miz
355.14561 [M+H]™ (caled for Co;H,4ClO,, 355.14648).

4.4.1.2. 7-(p-Methyl-benzovloxy)-3,4-dihvdrocadalene (13)

White solid; 32.2 mg 77% yield; UV (MeOH) A, (loge) 211
(4.67), 261 (4.57) nm: IR (CHCly) v, 3538, 3038, 2961, 1726, 1606,
1256, 1233, 1130 em™; 'H NMR (400 MHz, CDCl;) 0.84 (3H, d,
Jy34, 6.8 Hz, CH;-13), 091 (3H, d, J;, ;, 6.8 Hz, CH;-12), 1.91 (1H,
hept, Jy; y5.4p 43 6.8 Hz, H-11),1.99 (3H, br s, CH;-14), 2.20 (3H, s,
CH,-15), 2.38 (3H, overlapped, H-3.4), 2.46 (3H, s, CH;-8"), 5.71 (1H,
brd,.J,; 1.6 Hz, H-2), 6.98 (1H, s, H-8), 7.0, (1H, s, H-5), 7.32, (2H,
d. S 3 67 9.2 Hz, H4'6'), 8.12, (2H, d, J; 4.7 8.12 Hz, H-3"7);
Be NMR (100 MHz, CDCly) 16.0 (CH4-15), 19.0 (CH;-14), 20.2
(CHs-12), 21.4 (CH5-13), 21.7 (CH+-8"), 25.5 (CH5-3), 30.2 (CH-11),
43.8 (CH-4), 116.3 (CH-8), 123.9 (CH-2), 126.9 (C-2"), 127.5 (C-6),
129.3 (CH-4',6"), 130.2 (CH-3",7", 131.0 (CH-5), 131.2 (C-9), 134.7
(C-1), 136.7 (C-10), 144.2 (C-5"), 147.9 (C-7), 165.1 (C-1"); HRES-
IMS miz 335.20016 [M+H] ™ (caled for Ca3H,704, 335.20110).

4.4.1.3. 7-(p-Methoxy-benzoyloxy)-3,4-dihydrocadalene (14)

White solid; 22.5 mg 69% yield; UV (MeOH) A, f(loge) 204
(4.80), 239 (4.63) nm; IR (CHCL) v, 3533, 3019, 2961, 1730,
1263, 1233, 1131 cm™; '"H NMR (400 MHz, CDCly) 0.84 (3H, d,
Jy50 6.8 Hz, CH5-13), 091 (3H. d. J;,;,; 6.8 Hz, CH;-12), 1.90 (1H,
hept, J;; 124515 6.8 Hz, H-11),1.99 (3H, br s, CH;-14), 2.20 (3H, s,

CH;-15),2.38 (3H, overlapped, H-3 4), 3.90 (3H, s, CH-8"), 5.70 (1H,
br d, J,; 1.6 Hz, H-2), 6.97 (1H, s, H-8), 6.99 (3H, m, H-5,4'6"),
818 (2H, d, J;. ;.- 8.8 Hz, H-3"7"); '3C NMR (100 MHz, CDCly)
16.0 (CH;-15), 19.0 (CH;-14), 20.2 (CH;-12), 21.4 (CH;-13), 25.5
(CH,-3), 30.2 (CH-11), 43.8 (CH-4), 55.5 (CH;-8"), 113.8 (CH-4'6"),
116.4 (CH-8), 122.0 (C-2’), 123.8 (CH-2), 127.5 (C-6), 131.0 (CH-5),
131.2(C-9), 132.2 (CH-3,7"), 134.7 (C-1), 136.7 (C-10), 148.0 (C-7),
163.8 (C-5"), 164.7 (C-1'); HRESIMS m/z 351.19493 [M+H]" (calcd
for C13H1?03' 35 l.19602).

4.4.1.4. 7-(p-Trifluoromethyi-benzovioxy)-3,4-dihvdrocadalene (15)

White solid: 22.1 mg 73% yield: UV (MeOH) A, (log £) 204
(4.53), 209 (4.51), 229 (4.69), 251 (4.02), 264 (4.03) nm; IR (CHCI,)
Vo 2960, 1737, 1325, 1263,1175, 1133 cm’ ; 'H NMR (400 MHz,
CDCl3) 0.83 (3H. d, J;3 4, 6.8 Hz, CH;-13), 0.91 (3H, d, J;5,; 6.8 Hz,
CHs-12), 1.91 (1H, hept, J;; 34513 6.8 Hz, H-11), 1.99 (3H, br s,
CH,;-14), 2.19 (3H, s, CH;-15), 2.38 (3H, overlapped, H-34), 5.72
(1H, br d, J,; 1.6 Hz, H-2), 6.97 (1H, s, H-8), 7.01 (1H, s, H-5),
7.79, (2H, br d. J; 5.4 » 8.8 Hz, H4'.6'), 834, (ZH. br d, Jy 4.7 4
8.8 Hz, H-3".7"); *C NMR (100 MHz, CDCl;) 16.0 (CHs-15), 18.9
(CH;-14), 20.2 (CH;-12), 21.4 (CH;-13), 25.5 (CH,-3), 30.3 (CH-11),
43.8 (CH-4), 116.1 (CH-8), 124.2 (CH-2), 125.6 (CH-4'.6"), 127.2
(C-6), 130.5 (CH-3"7"), 131.0 (C-9), 131.2 (CH-3), 133.0 (C-5"),
1349 (C-1, C-21, 137.2(C-10), 147.7 (C-7), 163.9 (C-1"); HRESIMS
m/z 389.17176 [M+H]" (caled for Cy3H,,F50,, 389.17284).

4.4.1.5. 7-(p-nitro-Benzoyloxy)-3,4-dihvdrocadalene (16)

Yellow oil; 23.1 mg B4% yield; UV (MeOH) 4 (loge) 205
(3.72), 244 (3.42), 258 (3.46) nm; IR (CHCL,) v, 3558, 3020, 2960,
1739, 1530, 1262, 1232, 1129 cm™’; "H NMR (400 MHz, CDCl,) 0.83
(3H, d, J;;;; 6.8 Hz, CH5-13), 0.91 (3H, d, J;;,, 6.8 Hz, CH;-12),
1.90 (]H.. hepl, Jl'f‘ff;l'f.ff 6.8 HZ, H—l]), 1.99 (3H, br s, CHJ']d‘}.
2.20 (3H, s, CH,-15), 2.38 (3H, overlapped, H-3.4), 5.73 (1H, br d,
Jy3 1.2 Hz, H-2), 697 (1H, s, H-8), 7.01 (1H, s, H-5), 6.97 (4H,
m, H-3'4".6"7"):; BC NMR (100 MHz, CDCly) 16.0 (CH5-15), 18.9
(CH;-14), 20.2 (CH;-12), 21.4 (CH;-13), 25.4 (CH,-3), 30.2 (CH-11),
43.8 (CH-4), 1159 (CH-8), 123.7 (CH-4",6"), 124.3 (CH-2), 127.0
{C-6), 130.9 (CH-5), 131.2 (CH-3",7, C-9), 134.9 (C-1), 135.0 (C-2"),
137.3 (C-10), 147.5 (C-T), 150.8 (C-5"), 163.1 (C-1"); HRESIMS m/=z
366.16922 [M+H]" (caled for C,,H,,NO,, 366.17053).

4.4.1.6. 7-(m-Chloro-benzoyloxy)-3,4-dihydrocadalene (17)

Colorless oil; 46.5 mg 77% yield; UV (MeOH) 4_,(log£) 206
(4.55), 225 (4.37). 234 (4.41),), 271 (3.70) nm; IR (CHCly) v,
2062, 1711, 1363, 1248, 1131 cm'; "H NMR (400 MHz, CDCl,) 0.83
(3H, d, J;5,; 6.8 Hz, CH;-13), 091 (3H, d, J;5,; 6.8 Hz, CH;-12),
1.91 (1H, hept, J;; ;5.; ;3 6.8 Hz, H-11), 1.98 (3H, br s, CH;-14),
2.19 (3H, s, CH;-15), 2.38 (3H, overlapped, H-3,4), 5.72 (1H, br d,
J;; 1.6 Hz, H-2), 6.95 (1H, s, H-8), 7.00 (1H, s, H-5), 7.47 (1H, t,
Jg 5.4 8.0 Hz, H-6"), 7.62 (1H, ddd, Js & 8.0 Hz, J5 5 2.0 Hz, Js+
1.2 Hz, H-5"), 8.11 (1H, dt, J5. - 8.0 Hz, J5. . 1.2 Hz, H-7"), 8.21 (1H, t,
J3 5 2.0 Hz, H-3'); 3¢ NMR (100 MHz, CDCly) 16.0 (CH;-15), 18.9
(CHs-14), 20.2 (CH5-12), 21.4 (CH;-13), 25.5 (CH5-3), 30.2 (CH-11),
43.8 (CH-4), 116.1 (CH-8), 124.1 (CH-2), 127.2(C-6), 128.2 (CH-7"),
1299 (CH-6"), 130.1 (CH-3"), 131.1 (CH-5), 131.4 (C-1), 133.5
(CH-53"), 133.6 (C-2), 134.7 (C-4"), 134.8 (C-9), 137.0 (C-10), 147.7
(C-7), 163.8 (C-1"); HRESIMS m/z 355.14559 [M+H]" (caled for
C3:H,5C105, 355.14648).

4.4.1.7. 7-(m-Methvi-benzovloxy)-3 4-dihvdrocadalene (18)
Yellow oil: 45.1 mg 89% vyield; UV (MeOH) A, (loge) 205
(4.66), 225 (4.40), 235 (4.45) nm; IR (CHCly) v, 3579, 2964, 1732,
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1276, 1195, 1129, 1070 em™; 'H NMR (400 MHz, CDCls) 0.85 (3H,
d, Jy5,; 6.8 Hz, CHy-13), 0.92 (3H, d, J,, ,, 6.8 Hz, CHy-12), 1.92
(1H, hept, J,; ;3.1 5 6.8 Hz, H-11), 2.00 (3H, br s, CH,-14), 2.22 (3H,
s, CHs-15), 2.40 (3H, overlapped, H-3,4), 2.47 (3H, 5, CH;-8"), 5.70
(1H, brd, J,, 0.8 Hz, H-2), 6.99 (1H, s, H-8), 7.01 (1H, s, H-5), 7.44,
(2H, m, H-5',6"), 8.05, (2H, m, H-3,7"); C NMR (100 MHz, CDCl)
16.0 (CH,-15), 18.9 (CH,-14), 202 (CH,-12), 21.3 (CH,-8), 21.4
(CH;-13), 25.5 (CH-3), 30.2 (CH-11), 43.8 (CH-4), 116.3 (CH-8),
123.9 (CH-2), 127.3 (CH-7), 1274 (C-6), 1284 (CH-6'), 129.6
(C-27), 130.6 (CH-3"), 131.0 (CH-5), 131.1 (C-1), 134.2 (CH-5",
134.7 (C-9), 136.7 (C-10), 138.2 (C-4"), 147.9 (C-7), 165.2 (C-1");
HRESIMS m/z 335.20129 [M+H]" (caled for CasHayOs. 335.20110).

4.4.1.8. 7-{m-Methoxy-benzovioxy)-3,4-dihvdrocadalene (19)

Yellow oil; 83.0mg 95% yield; UV (MeOH) A, (logs) 214
(4.75), 347 (2.34) om; IR (CHCls) vy, 3558, 2962, 1732, 1491,
1277, 1233, 1129 cm™'; 'H NMR (400 MHz, CDCly) 0.86 (3H, d.
J13 51 6.8 Hz, CH,-13), 0.93 (3H. d, J;, ;, 6.8 Hz, CH,-12), 1.93 (1H,
hept, Jyy2.51.43 6.8 Hz, H-11), 2.00 (3H, br s, CHs-14), 2.23 (3H, s,
CHs-15), 2.40 (3H, overlapped, H-3.4), 3.90 (3H, s, CH;-8"), 5.73
(IH, br d, J,; 1.2 Hz, H-2), 7.00 (1H, s, H-8), 7.02 (1H, s, H-5),
7.19, (1H, ddd, J; 4 8.0 Hz, J5.5 28 Hz, Jo; 12 Hz, H-5'), 7.44
(1H, t, Jgs.0» 8 Hz, H-6'), 7?6 (IH, t, Jy5 2.8 Hz, H-3"); 7.86
(1H, dt, /5.4 8.0 Hz, J;. 1.2 Hz, H-T'); 53¢ NMR (100 MHz, CDCly)
16.0 (CH;-15), 18.9 {CH -14), 20.2 (CH;-12), 21.4 (CH4-13), 25.5
(CH,-3), 30.2 (CH-11), 43.8 (CH-4), 55.4 (CH;-8", 114.5 (CH-3"),
116.2 (CH-8), 120.0 (CH-5"), 122.5 (CH-7", 123.9 (CH-2), 1274
(C-6), 129.5 (CH-6"), 130.9 (C-2"), 131.0 (CH-5), 131.1 (C-10), 134.7
(C-1), 136.8 (C-9), 1479 (C-7), 159.7 (C-4'), 164.8 (C-1"); HRESIMS
m/z 351.19599 [M+H]" (caled for C,3H,,05, 351.19602).

4.4.1.9. 7-(m-Trifluoromethyvi-benzovloxy)-3,4-dihydrocadalene (20)

Colorless oil; 22.1 mg 88% yield: UV {(MeOH) 4_, (log g) 203
(4.64), 215 (4.55), 226 (4.59) nm; IR (CHCl3) vy, 3576, 2965, 1740,
1336, 1174, 1136, 1073 cm™'; "H NMR (400 MHz, CDCls) 0.84 (3H,
d. Jy;,, 6.8 Hz, CH;-13), 0.91 (3H, d, J;,,, 6.8 Hz, CH;-12), 1.91
(1H, hept, Jy; ;54543 6.8 Hz, H-11), 1.99 (3H, br s, CH4-14), 2.21
(3H, s, CH;-15), 2.39 (3H. overlapped., H-3.4), 5.73 (IH, br d, J5;
1.2 Hz, H-2), 6.97 (lH s. H-B), 7.01 (1H, s. H-5), 7.68 (1H, m,
H-6"), 7.90, (1H, br d, J 10 . 8.4 Hz, H-5"), 8.41 (1H, d, /4 7.6 Hz,
H-7"). 8.50 (1H, s, H-3"); *C NMR (100 MHz, CDCly) 16.0 (CH;-15),
18.9 (CHs-14), 20.2 {CHs-12), 21.4 (CHs-13), 25.5 (CH:-3), 30.2
(CH-11), 43.8 (CH-4), 116.0 (CH-8), 124.1 (CH-2), 127.0 (CH-3").
127.2 (C-6), 129.3 (CH-6"), 130.0 (CH-5"), 130.1 (C-2"), 130.5 (C4"),
131.0 (C-1), 131.1 (CH-3), 133.3 (CH-T", 135.0 (C-9), 137.1 (C-10),
147.6 (C-7), 163.7 (C-1"); HRESIMS m/=z 389.17234 [M+H]" (calcd
for C,3H,,F10,, 389.17284).

4.4.1.10. 7-(m-Nitro-benzayloxy)-3,4-dilvdrocadalene (21)

Yellow oil; 32.2mg 72% yield; UV (MeOH) A,..(loge) 223
(4.70), 245 (4.19), 260 (4.20) nm; IR (CHCLy) v, 2959, 1741, 1536,
1353, 1255, 1133 cm™'; 'H NMR (400 MHz, CDCl) 0.84 (3H, d,
Jy35; 6.8 Hz, CH;-13), 0.91 (3H. d, J;54, 6.8 Hz, CH3-12), 1.91 (1H,
hept, Jyy 12,0045 6.8 Hz, H-11), 1.99 (3H, br s, CH;-14), 2.21 (3H, s,
CHs-15), 2.39 (3H, overlapped, H-3,4), 5.73 (1H, br d, J,; 1.6 Hz,
H-2), 6.98 (1H, s, H-8), 7.02 (1H, s, H-5), 7.74 (1H, t, J; .5 » 8 Hz,
H-6), 8.50, (1H, ddd. J5 4 8.0 Hz, /5. 3. 2.4 Hz, J5 » 1.2 Hz, H-5"), 8.55
(1H, dt,./5 ¢ 8.0 Hz, J7 5 1.2 Hz, H-7"), 9.06 (1H, t, J4 » 2.4 Hz, H-3");
BC NMR (100 MHz, CDCly) 16.0 (CH;-15), 18.9 (CH4-14), 20.2
(CH4-12), 21.4 (CH4-13), 25.5 (CH,-3). 30.3 (CH-11), 43.8 (CH-4),
1159 (CH-8), 1243 (CH-2), 125.1 (CH-3", 127.1 (C-6), 1279
(CH-5"), 129.9 (CH-6", 131.0 (C-1), 131.2 (CH-5), 131.5 (C-2,
135.0 (C-9), 135.7 (CH-7"), 137.3 (C-10), 147.6 (C-T), 148.5 (C4",
163.0 (C-

1); HRESIMS m/z 366.17023 [M+H]" (caled for CanHayNOy,
366.17053).

4.4.1.11. 7-(p-Chlora-benzovloxy)-cadalene (23)

White crystals; 28.2 mg 78% yield: UV (MeOH) 4 __ (log £) 208
(4.84), 216 (4.81), 235 (4.91) nm: IR (CHCLy) v, 2967, 1735, 1267,
1092 cm™; 'H NMR (400 MHz CDCly) 139 (6H, d, ;550050
6.8 Hz, C‘H3 12,13), 2.41 (3H, s. CH;-15), 2.60 (3H, s, CH;-14), 3.71
(1H, hept, J;; ;5.7 ;3 6.8 Hz, H-11), 7.26 (2H, (.werlapped,H 2,3),7.51
(2H, d. Jy 5.5 » 8.8 Hz, H4',6"), 7.75 (1H. s, H-8), 8.03 (1H, s, H-5),
8.21 (2H, d. J3 .74 8.8 Hz, H-3"7"); 3¢ NMR (100 MHz, CDCls)
17.2 (CH;4-15), 19.4 (CH;-14), 23.6 (CH;-12,13), 28.5 (CH-11), 116.5
(CH-8), 121.4 (CH-3), 125.8 (CH-5), 126.4 (CH-2), 128.0 (C-5",
128.5 (C-6), 129.0 (CH-4",6", 130.0 (C-10), 131.6 (CH-3.7", C-1),
132.5 (C-9), 140.2 (C-2'), 142.2 (C4), 147.6 (C-7), 1644 (C-1');
HRESIMS mfz 353.12940 [M+H]" (caled for C,,H,,ClO,,
353.13083).

4.4.1.12. 7-(p-Methyl-benzoviexy)-cadalene (24)

White crystals; 24.7 mg 82% yield: UV (MeOH) 4, (log ) 208
(7.73), 211 (4.70), 237 (4.87), 281 (4.05) nm; IR (CHCl;) vy, 3693,
2966, 1731, 1611, 1442, 1269, 1129, 1077 cm™": "H NMR (400 MHz,
CDCl;) 1.39 (6H. d, J;; 5. ;; y; 6.8 Hz, CH;-12,13), 2.42 (3H, s,
CH,-15), 2.46 (3H, s, CH4-8"), 2.60 (3H. 5, CH4-14), 3.71 (1H. hept,
gz 6.8 Hz, H-11); 7.25 (2H, overlapped. H-2.3), 7.33 (2H.
d, Jy 34> 8.0 Hz, H-4'.6"), 7.75 (IH, s, H-8), 8.02 (1H, s, H-5),
8.17 (2H, d, J; .7 4 8:4 Hz, H-3".7"); C NMR (100 MHz, CDCly)
17.2 (CH;-15), 19.4 (CH;,-14), 21.7 (CH;-8"), 23.6 (CH;-12,13), 28.4
(CH-11), 116.5 (CH-8), 121.2 (CH-3). 125.7 (CH-5), 126.2 (CH-2),
126.7 (C-2%), 1288 (C-6), 129.2 (CH-4'6"), 129.9 (C-10), 130.3
(CH-3'7"), 131.6 (C-1), 132.5 (C-9), 142.1 (C-4), 1444 (C-5"), 1478
(C-7), 165.3 (C-1"; HRESIMS m/z 333.18453 [M+H]" (caled for
Cy3H3505, 333.18545).

4.4.1.13. 7-(p-Methoxy-benzovioxy)-cadalene (25)

Colorless crystals; 24.2 mg 84% yield; UV (MeOH) 4 (log &)
215 (4.82), 225 (4.76), 231 (4.78), 244 (4.42), 261 (4.59) nm; IR
(CHCLy) vy, 3554, 2967, 1728, 1606, 1512, 12259,
1168, 1129, 1077 em™'; 'H NMR (400 MHz, CDCly) 1.39 (6H, d,
Ji2in050 6.8 Hz, CHy-12,13), 242 (3H, s, CH4-15), 2.60 (3H, s,
CHs-14), 3.71 (1H, hept. Jy; y>-4r 43 6.8 Hz, H-11), 3.90 (3H, s,
CH;-8'), 7.01 (2H, d, J 3¢ » 8.8 Hz, H-4",6"), 7.25 (2H. overlapped,
H-2.3), 7.75 (1H, s, H-R), 8.02 (IH, s, H-5), 8.23 (2H, d, J; 47 4
8.8 Hz, H-3.,7% C NMR (100 MHz, CDCl3) 17.2 (CHy-15), 19.4
(CH;3-14), 23.6 (CH;-12,13), 284 (CH-11), 555 (CH;-8"), 113.9
(CH-4'.6", 116.6 (CH-8), 121.1 (CH-3), 121.8 (C-2"), 125.6 (CH-5),
126.3 (CH-2), 1289 (C-6), 1299 (C-10), 1316 (C-1), 1322
(CH-3'.7"), 132.5 (C-9), 142.1 (C4), 147.9 (C-7), 163.9 (C-5"), 164.9
(C-1'y; HRESIMS m/z 349.17915 [M+H] (caled for C,3HasOs,
349.18037).

4.4.1.14. 7-(p-Trifluoromethyl-benzoyloxy)-cadalene (26)

White crystals; 39.6 mg 89% yield; UV (MeOH) A, dlog £) 235
(4.65), 257 (3.65), 281 (4.76) nm: IR (CHCl,) v, 3569, 2967, 1738,
1412, 1325, 1269, 1131, 1082 em™"; 'H NMR (400 MHz, CDCl;)
1.42 (6H, d, Jy241.0500 6.8 Hz, CH;-12,13), 2.45 (3H, s, CH;-15),
2,63 (3H, s, CHs-14), 3.73 (1H, hept, J;; ;5,553 6.8 Hz, H-11), 7.30
(2H, overlapped, H-2,3), 7.79 (1H, s, H-8), 7.82 (2H, d, Jy 3.4 7
8.0 Hz, H—4'6} 8.07 (IH, s, H-5), 842 (2H, d, JJy p7 g 8.0 Hz,
H-3"7"): B NMR (100 MHz, CDCl;) 17.1 (CH3s-15), 19.3 (CH;-14),
23.6 (CH5-12,13), 28.5 (CH-11), 116.4 (CH-8), 121.5 (CH-3), 122.17
(CH,-8"), 125.7 (CH-4'",6"), 125.9 (CH-5), 126.5 (CH-2), 1284 (C-6),
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130.1 (C-10), 130.6 (CH-3",7), 131.6 (C-1), 132.5 (C-9), 132.7 (C-5"),
135.0 (C-2'), 142.2 (C-4), 147.5 (C-7), 164.1 (C-1"); HRESIMS m/=
387.15549 [M+H]" (caled for C,yH,,F,0,, 387.15719).

4.4.1.15. 7-(p-Nitro-benzayloxy)-cadalene (27)

Yellow crystals; 28.2 mg 86% yield: UV (MeOH) 4,.(log ) 233
(5.03), 249 (4.59), 257 (4.60) nm; IR (CHCly) v, 3575, 2966, 1741,
1530, 1267, 1233, 1128 cm™'; 'H NMR (400 MHz, CDCls) 1.39 (6H,
d. Jy5 10300 6.8 Hz, CH;-12.13), 2.43 (3H, s, CH,-15), 2.61 (3H, s,
Cll-14), 3.71 (111, hept, Jy; 241 13 6.8 1z, 11-11), 7.28 (211, over-
lapped, H-2.3), 7.73 (1H, s, H-B), 8.05 (1H, s, H-5). 8.36 (2H, d.
Jy 347 84 Hz, H4'6, 843 (2H, d, J3 475 8.4 Hz, H-3.7); C
NMR (100 MHz, CDCLy) 17.1 (CHs-15), 19.3 (CH;-14), 23.6
(CH;-12,13), 285 (CH-11), 1163 (CH-8), 121.6 (CH-3), 123.7
(CH-4'6"), 126.0 (CH-5), 126.6 (CH-2), 128.1 (C-6), 130.1 (C-10),
131.3 (CH-3"7", 131.6 (C-1), 132.3 (C-9), 134.9 (C-2"), 142.2 (C-4),
147.3 (C-7), 1509 (C-5"), 1634 (C-1"); HRESIMS m/z 364.15363
[M+H]" (caled for C,5H,,NO,, 364.15488).

4.4.1.16. 7-(m-Methvl-benzoyloxy)-cadalene (28)

White crystals; 30.0 mg 73% yield: UV (MeOH) 4, (log £) 205
(4.81), 210 (4.78), 236 (4.90). 264 (4.02), 281 (4.09) nm; IR (CHCly)
Vi 2067, 1732, 1276, 1233, 1197 em™'; "H NMR (400 MHz, CDCl;)
1.39 (6H, d, Jy; ;5.5 6.8 Hz, CH;-12,13), 243 (3H, s, CH;-15),
2.46 (3H, s, CH;-8'), 2.60 (3H, s, CH;-14), 3.71 (1H, hept. J}; ;2.4; 15
6.8 Hz, H-11), 7.25 (2H, overlapped, H-2.3), 7.43 (2H, overlapped,
H-5'.6"). 7.74 (1H. s, H-8), 8.02 (1H, s, H-5), 8.07 (1H, overlapped.
H-7'), 8.09 (1H, s, H-3"); *C NMR (100 MHz, CDCly) 17.2 (CH;-15),
19.4 (CH;-14), 21.3 (CH;-8"), 23.6 (CH;-12,13), 28.4 (CH-11), 116.5
(CH-8), 121.2 (CH-3), 125.7 (CH-5), 126.3 (CH-2), 127.4 (CH-7").
128.5 (CH-6"), 128.8 (C-6), 129.4 (C-2"), 129.9(C-10), 130.7 (CH-3",
131.6 (C-1), 132.5 (C-9), 1344 (CH-5"), 138.5 (C4"), 142.1 (C4),
147.8 (C-7), 165.4 (C-1"): HRESIMS m/z 333.18570 [M+H]" (calcd
for Cy3H;50,, 333.18545).

4.4.1.17. 7-(m-Methoxy-benzovloxy)-cadalene (29)

Yellow oil; 9.1 mg 78% yield; UV (MeOH) 4 (log £) 215 (4.95).
225 (4.91), 233 (4.95), 266 (4.00), 293 (4.16) nm; IR (CHCL) vy,
3404, 3007, 1711, 1362, 1277, 1237 em ; '"H NMR (400 MHz,
CDCL) 1.39 (6H, d, J;5 4.5 6.8 Hz, CH;-12,13), 2.43 (3H, s,
CH;-15), 2.61 (3H, s, CH;-14), 3.71 (IH, hept, J;; ;5.;; ;5 6.8 Hz,
H-11), 3.90 (3H, s, CHs-8"), 7.21 (1H, ddd, J+ ¢ 84 Hz, J; ;» 2.8 Hz,
Js » 1.2 Hz, H-5"), 7.26 (2H, cverlapped, H-2.3), 745 (1H, t, J;. 5.5 »
8.0 Hz, H-6"), 7.76 (1H, s, H-8), 7.78 (1H, br t, J;. 5, 2.4 Hz, H-3"), 7.89
(1H, dt, J,., 8.0 Hz, J. ; 1.2 Hz, H-7'), 8.03 (1H, s, H-5); B¢ NMR
(100 MHz, CDCly) 17.2 (CH;-15), 19.4 (CH3-14), 23.6 (CH;-12,13),
28.5 (CH-11), 55.5 (CH-8", 1146 (CH-3", 1164 (CH-8), 120.2
(CH-5"), 121.3 (CH-3), 122.6 (CH-7"), 125.8 (CH-5), 126.4 (CH-2),
128.7 (C-6), 129.2 (CH-6"), 130.0 (C-10), 130.1 (C-2"), 131.6 (C-1),
132.5 (C-9), 142.1 (C-4), 147.8 (C-7), 159.8 (C-4"), 165.1 (C-1"):
HRESIMS m/z 349.18091 [M+H]" (caled for Cp3H,.0;, 349.18037).

4.4.1.18. 7-(m-Trifluoromethyl-benzeyloxy)-cadalene (30)

White crystals; 59.5 mg 94% yield; UV (MeOH) A, (log £) 235
(4.89), 258 (3.89), 280 (3.98) nm; IR (CHCly) v, 2965, 1740, 1336,
1133em™; 'H NMR (400 MHz, CDCl;) 1.39 (6H, d, a3
6.8 Hz, CH;-12,13), 2.43 (3H, s, CHs-15), 2.61 (3H, s, CH3-14), 3.71
(1H, hept, Jy; ;25543 6.8 Hz, H-11), 7.27 (2H, overlapped, H-2.3).
7.66 (1H, t, Jg s » 7.6 Hz, H-6"), 7.77 (1H, s, H-8), 7.90 (1H, d,
Jo o 7.6 Hz, H-3"), 8.05 (1H, s, H-5), 8.45 (1H, d, J, 5 7.6 Hz, H-7"),
8.56 (1H, s, H-3"); *C NMR (100 MHz, CDCl;) 17.1 (CH;-15), 19.4

(CH;-14), 23.6 (CH;-12,13), 285 (CH-11), 1164 (CH-8), 121.4
(CH-3), 125.9 (CH-5), 126.5 (CH-2), 127.1 (CH-3'), 128.4 (C-6).
129.3 (CH-6"), 130.1 (CH-5", C-2"), 1304 (C-10), 131.2 (C4"), 1316
(C-1), 132.5 (C-9), 133.4 (CH-7'), 142.2 (C-4), 147.5 (C-7), 164.0
(C-1"); HRESIMS m/z 387.15648 [M+H]" (calcd for CoyH,oF40,,
387.15719).

4.4.1.19. 7-(m-Chlore-benzoyloxy)-cadalene (31)

White crystals; 30.8 mg 91% yield; UV (MeOH) 4_,,(log &) 208
(4.73), 216 (4.70), 235 (4.86), 261 (3.87), 282 (4.00) nm; IR (CLICI,)
Voae 3359, 2963, 1739, 1243, 1130 em ' 'HNMR (400 MHz, CDCly)
1.39 (6H, d, Jy3 450540 6.8 Hz, CHs-12,13), 2.42 (3H, s, CH;-15),
2.60 (3H, s, CH;-14), 3.71 (1H, hept, J,; ;5. ;; 6.8 Hz, H-11), 7.26
(2H, overlapped, H-2.3), 748 (1H, t, Jy 547 76 Hz, H-6"), 7.63
(1H. ddd, Js 4 8.0Hz, Js; 2.0Hz Js» 0.8 Hz, H-5'), 7.74 (1H,
s, H-8), 8.03 (1H, s, H-5), 8.16 (1H, dt, J; 4 8.0 Hz, J» 5 0.8 Hz,
H-7), 8.26 (1H, t, J; 5 2.0 Hz, H-3%; Be NMR (100 MHz, CDCl,)
17.2 (CH4-15), 19.4 (CH;-14), 23.6 (CH4-12,13), 28.5 (CH-11), 116.4
(CH-R8), 121.4 (CH-3), 125.8 (CH-5), 126.5 (CH-2), 128.3(CH-7"),
128.5 (C-6), 129.9 (CH-6"), 130.1 (C-10), 130.2 (CH-3"), 131.3 (C-2),
131.6 (C-1), 132.5 (C-9), 133.6 (CH-3"), 134.8 (C4", 142.2 (C4),
147.5 (C-7), 164.1 (C-1"); HRESIMS m/z 353.13062 [M+H]" (calcd
for C33H»ClO,, 353.13083).

4.4.2. Carbamates

7T-Hydroxy-3,4-dihydrocadalene (1.0 equiv, 40 mg) was dissolved
in CH5Cl; (1 mL) and a nitrogen atmosphere was generated in the
flask containing this solution. Et,N (3.0 equiv, 76.7 pL) and phenyl
isocyanate (3.0 equiv, 60.3 pl) were added and the mixture was
stimed at room temperature overmight. Next, the reaction was
quenched by adding ice-cold water and the organic phase was ex-
tracted with EtOAc and passed over Na,S0,. The desired product was
purified by PLC (benzene-EtOAc 96:4, two elutions).

The above methodology was applied to obtain the corresponding
semisynthetic carbamate from 7-hydroxy-cadalene.

4.4.2.1. 7-(Phenylcarbamate)-3,4-dihydrocadalene (32)

Yellow oil; 20.5mg 77% yield: UV (MeOH) A, (loge) 204
(4.87), 225 (4.64), 236 (4.68) nm; IR (CHCly) vy, 3433, 2960, 1746,
1602, 1524, 1442, 1248, 1175, 1131em™; 'H NMR (400 MHz,
CDCLy) 0.82 (3H, d, J;; ;; 6.8 Hz. CH;-13), 0.90 (3H, d, ., ,, 6.8 Hz,
CH+-12), 1.89 (1H, hept, J;; ;2.5 13 6.8 Hz, H-11), 1.99 (3H, br s,
CH;-14), 2.24 (3H, s, CH,-15), 2.36 (3H. overlapped, H-3.4), 5.70
(IH, br d, J,; 1.2 Hz, H-2), 6.97 (2H, overlapped, H-5,8), 7.03 {1H,
br s, NH-2"), 7.10 (1H, d, J; 5.4 » 7.6 Hz, H-6), 7.34 (2H, br t,
Jsg.7s 1.6 Hz, H-5.7, 7.46 (2H, d, J; 5.9 8.0 Hz, H4'8"; “C
NMR (100 MHz, CDCly) 159 (CH;-15), 189 (CH,-14), 20.2
(CH;-12), 21.4 (CH;-13), 25.4 (CH,-3), 30.2 (CH-11), 43.8 (CH-4),
116.5 (CH-8), 118.6 (C-1"), 123.7 (CH-6"), 123.9 (CH-2), 127.8 (C-6),
129.1 (CH-5",7'4'.8"), 131.0 (CH-5), 131.1 (C-9), 134.7 (C-1), 136.8
(C-10), 137.6 (C-3"), 147.4 (C-7); HRESIMS m/= 336.19620 [M+H]"
(caled for C5,Hs NO,, 336.19635).

4.4.2 2. 7-(Phenylcarbamate)-cadalene {33)

White solid; 20.6 mg 79% yield; UV (MeOH) A (loge) 204
(4.80), 209 (4.79), 213 (4.80), 220 (4.79), 238 (4.96), 265 (3.88), 281
(3.99) nm; IR (CHCly) vy, 3433, 2067, 1754, 1527, 1539, 1130 em
'"H NMR (400 MHz, CDCl;) 138 (6H, d, Jia1r030r 6.8 Hz,
CH,-12,13), 247 (3H, s. CH,-15), 2.61 (3H. s, CH,-14), 3.70 (1H.
hept, J;; 2.4 13 6.8 Hz, H-11), 7.10 (2H, d, J; 5. » 7.2 Hz, H-4".8"),
7.26 (2H, overlapped, H-2.3), 7.32 (2H. t, Js 4.7 7.6 Hz, H-5.7"),
746 (2H, overlapped, H-6''NH-2"), 7.75 (1H, s, H-8), 7.99
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(1H, s, H-5); “C NMR (100 MHz, CDCl;) 17.1 (CHs-15), 19.4
(CH,-14), 23.6 (CH;-12,13), 284 (CH-11), 116.7 (CH-8), 118.7
(CH-6"), 121.2 (CH-3), 123.9 (CH-4'8", 125.7 (CH-5), 126.3 (CH-2),
129.0 (C-6), 129.1 (CH-5".7". 129.3 (C-1"), 129.9 (C-10), 1316 (C-1),
132.5 (C-9), 137.5 (C-3"), 142.1 (C4), 147.2 (C-7); HRESIMS m/=
334.18054 [M+H]" (caled for C,,H,.NO,, 334.18070).

4.5. Biological investigations

4.5.1. Cell cultures

HaCaT cells (human keratinocytes) were obtained from CLS Cell
Lines Service GmbH (Germany), HaCaT-ARE-Luc, (human ker-
atinocytes), NIH-3T3-KBF-Luc {mouse fibroblasts),
Hela-STAT3-Luc (human cervix carcinoma) cell lines were con-
structed in our lab and the characterization of the cells has been previ-
ously described.?” NIH-3T 3-NucLight-Red cells were also generated
in our lab by infection with a lentivirus encoding a nuclear restricted
Red Fluorescent Protein under the EF-lapromoter and selected with
puromycin. All the cell lines were grown in supplemented DMEM
medium containing 10% fetal bovine serum and 1% penicillin/strepto-
mycin antibiotics, at 37 °C in a humidified atmosphere of 5% CO,.

4.3.2. Luciferase assays

For the anti-NF-xB activity NIH-3T3-KBFLuc cells were stimu-
lated with TNFa (30 ng/mL) in the presence or the absence of the
compounds for 6 h. For the activation of the antioxidant response el-
ement (ARE) that i1s activated by Nri2, HaCaTARE-Luc cells were
stimulated with the compounds for 6 h. For the anti-STAT3 activ-
ity HeLa-STAT-3-Luc cells were stimulated with IFN-y (25 TU/mL)
in the presence or the absence of the compounds for 6 h. After the
treatment the cells were washed twice in PBS and lysed in 25 mM
Tris-phosphate pH 7.8, 8 mM MgCl2, 1 mM DTT, 1% Triton X-100,
and 7% glycerol during 15 min at RT in a horizontal shaker. After
centrifugation, luciferase activity in the supernatant was measured us-
ing a GloMax 96 microplate luminometer (Promega) following the in-
structions of the luciferase assay kit (Promega, Madison, W1, USA).
For NF-kB inhibition the RLU was calculated and the results were
expressed as percentage of inhibiticn of NF-xB activity induced by
TNFa (100% activation). For STAT3 inhibition the RLU were calcu-
lated and results were expressed as percentage of inhibition of STAT3
activity induced by IFN-y (100% activation). The specific Nrf2 activa-
tion was expressed as fold induction over basal levels (untreated cells).
The experiments for each concentration of the compounds were per-
formed in triplicate wells.

4.5.3. Cellular antioxidant activity

The intracellular accumulation of ROS was detected by fluorom-
etry using the free radical Sensor
5-(and-6)-chloromethyl-2",7'-dichlorosihydrofluorescein  diactetate,
acetyl ester (CM-H2ZDCFDA) (Life Technologies). HaCaT cells
(1x10*well) were seeded the day before the assay in a 96-well plate
using DMEM supplemented with 10% FBS. After 24 h cells were
pre-incubated with the compounds for 30 min and ROS production
was Induced with 04 mM rert-butyl-hydroperoxide (TBHP)
(Sigma-Aldrich, Saint Louis, USA). After 3 h cells were incubated
with CM-H2DCFDA at a concentrztion of 10 pM during 30 min at
37 °C. ROS production was measured by changes in fluorescence us-
ing the Incucyte FLR software; the data were analyzed by the total
green object integrated intensity (GCU x pm: * Well) of the imaging
system IncuCyte HD (Essen BioScience).

4.5.4. Western blots

NIH-3T3-KBF-Luc cells were treated with increasing concentra-
tions of either compound 13 or with SC514, an IKK) inhibitor, during
15 min at 37 °C and subsequently stimulated with TNFa (30 ng/mL)
for 20 min at 37 °C. Total cell content was extracted in 100 pL of lysis
buffer (20 mM Hepes pH 8.0, 10 mM KCL, 0.15 mM EGTA, 0.15 mM
EDTA, 0.5 mM Nay;VO,, 5mM NaF, | mM DTT, leupeptin | mg/
mL, pepstatin (.5 mg/mL, aprotinin 0.5 mg/mL, and 1 mM PMSF)
containing 0.5% NP-40. After incubation of the lysate at 4 °C dur-
ing 15 min, proteins were obtained by centrifugation at 13,000 rpm
(4°C for 10 min), boiled in Laemmli buffer and electrophoresed in
10% SDS polyacrylamide gels. Separated proteins were transferred
to PVDF membranes. Blots were blocked in TBS sclution containing
0.1% Tween 20 and 5% nonfat dry milk overnight at 4 °C. Primary
antiphospho-IkBa (#9246, Cell Signaling Technology), IxkBa (C-21)
(Santa Cruz) and anti-uTubulin antibodies (Sigma-Aldrich) were em-
ployed to detect specific proteins. Protein levels were quantified using
the program Image J.

4.3.5. Cyrotoxic assays over human cancer cell lines and gingival

fibroblasts

The cytotoxic effects of semi-synthetic derivatives were evaluated
on tumor cells provided by the National Cancer Institute (USA) and
on human gingival fibroblasts (HGF), applying the protein-binding
dye sulforhodamine B (SRB) in a microculture assay to measure cell
growth ™ Colon (HCT-15), breast (MCE-7), leukemia (K-562), cen-
tral nervous system (U-251, Glia), lung (SK-LU-1). and prostate can-
cer (PC-3) cells were cultured in RPMI-1640, and HGF were cultured
in DMEM, both supplemented with 10% fetal bovine serum, 2 pM
L-glutamine, 100 IU/mL penicillin G. 100 pg/mL streptomycin sul-
fate, and 0.25 pg/mL amphotericin B and were maintained at 37 °C
in a 5% CO, atmosphere with 95% humidity. For the assay, 100 pL/
well of cell suspension containing 5 * 10* cells/mL (K-562, MCF-7),
7.5x 10* cellssmL (U-251, PC-3, SK-LU-1), 10x10* cells/mL
(HCT-15, HGF), were seeded in 96-well microtiter plates and incu-
bated w allow cell ataclhment. Afier 24 b, 100 pL of each lest com-
pound or positive control was added (all test substances were dis-
solved in DMSO). After 48 h, adherent cell cultures were fixed in
situ by adding 50 pL of cold 50% (w/v) aqueous trichloroacetic acid
(TCA) and incubated for 60 min at 4 °C. The supernatant was dis-
carded, and the plates were washed three times with water and then
dried. Cultures fixed with TCA were stained for 30 min with 100 pL
of 0.4% SRB solution. Protein-bound dye was extracted with 10 pM
unbuffered Tris base, and optical densities were measured at 515 nm
on an Ultra microplate reader (EIx808, Bio-Tek Instruments, Inc.).
The results were expressed as percentages of inhibition of cell prolif-
eration at a concentration of 50 pM or as 1C,;, values (uM inhibitory
concentration at which 50% of cell proliferation is inhibited), esti-
mated by linear regression eqjuaﬁnns of dose-response curves, accord-

ing to the protocol of Monks,*

4.5.6. Statistical analvsis

Data analysis was performed using at least three independent ex-
periments. For NF-xB, Nrf2 and ROS inhibition reporting results,
sample population means were compared against control population
means in an unpaired two-tailed Student’s £ test. A p value <0.05 was
considered statistically significant. NF-kB ICs calculations were per-
formed using the GraphPad Prism Program (Graph Pad Software, San
Diego. CA, USA).
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CAPITULO 11l

Anélisis del contenido metabdlico de Heterotheca inuloides aplicando cromatografia

liquida de alta resolucion (CLAR)

Resumen

Los estudios quimicos de H. inuloides realizados convencionalmente han dado evidencia de
su variabilidad metabdlica, de acuerdo a diferentes lugares de colecta y estados de madurez
de la planta. Con el fin de ponderar esta variabilidad en el contenido metabdlico, se disefio
un método que permite la identificacion de los sesquiterpenos de tipo cadinano aislados
previamente, en extractos de distintas poblaciones de H. inuloides, aplicando CLAR. La
identificacion se basa en la comparacion de los tiempos de retencion y espectros UV de las
sustancias puras con los picos observados en los cromatogramas de los extractos
acetonicos. Esta metodologia facilita la deteccion de las diferencias en la composicion
quimica de extractos preparados a partir de muestras con caracteristicas variables, tales
como el lugar de colecta, la época del afio en la cual el material vegetal fue colectado y la
edad o parte de la planta utilizada. De esta manera se establecié un perfil metabodlico de la
especie, el cual se centra en el andlisis de la presencia de sesquiterpenos de tipo cadinano
como consituyentes caracteristicos de la planta. EI metabolito comun en todos los extractos
analizados fue el sesquiterpeno 7-hidroxi-3,4-dihidrocadaleno, lo cual posibilita que sea

considerado como un marcador metabélico de la especie.
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Introduccion

Los metabolitos secundarios son ubicuos en las plantas y desempefian diversos papeles
ecoldgicos. Cada uno de sus constituyentes puede variar en cuanto a su presencia y
cantidad, ademas de que la composicion de la mezcla de los productos quimicos puede
modificarse, de tal manera que la quimiodiversidad puede dividirse dentro y entre
individuos. La ontogenia vegetal y la variacion ambiental y genética se reconocen como los
principales factores que generan la variacion quimica (fenotipica), permitiendo de esta
manera una rapida evolucién de las especies. El entendimiento de los patrones de
diversidad quimica y la variabilidad en la distribucion de los productos naturales tienen
repercusiones importantes a nivel ecoldgico, ya que permiten analizar el papel que cumplen
estas sustancias en la naturaleza."

Se ha estimado la existencia de alrededor de 100,000 metabolitos presentes en las plantas, y
cada especie puede contener su propio patron de expresion quimiotipica. Ademas, se han
encontrado variaciones cualitativas y cuantitativas importantes dentro de individuos
pertenecientes a la misma especie vegetal. Aunque el conocimiento sobre la regulacién de
la formacion de metabolitos se ha incrementado en los ultimos afios, sus funciones en la
planta, sus vias biosintéticas y la regulacién de las mismas aun son desconocidas para
algunos de ellos.?

Los avances recientes en genémica y en el estudio de perfiles metabdlicos han abierto
nuevas oportunidades para la investigacion de la variacion en los rasgos metabolicos de las
plantas. Estos avances incluyen el advenimiento de plataformas metabolémicas que
permiten la cuantificaciéon de cientos a miles de metabolitos en muchos genotipos
diferentes. Dichos estudios proporcionan nuevas perspectivas sobre las estructuras
mecanistas y evolutivas, que permiten entender en un contexto mas amplio las funciones
del metabolismo de las plantas.’

Con el objetivo de garantizar la homogeneidad en la calidad de las plantas medicinales, se
ha empleado una variedad de técnicas cromatogréficas, las cuales permiten llevar a cabo
analisis cualitativos y cuantitativos. Estos métodos pueden también ser utiles en el

aislamiento e identificacién de metabolitos secundarios.
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La cromatografia de liquidos de alta resolucion (CLAR) es una técnica muy Uutil para
determinaciones cualitativas o cuantitativas de constituyentes especificos en mezclas
complejas. Las técnicas de CLAR ofrecen ciertas ventajas al compararlas con la
cromatografia de gases (otra técnica frecuentemente empleada en el estudio de extractos de
plantas), ya que pueden llevarse a cabo con compuestos termolabiles o de alta polaridad, o
con compuestos no volatiles. El acoplamiento de un cromatégrafo con técnicas de
deteccion por arreglo de diodos puede ser especialmente Util en el anélisis de compuestos
de tipo sesquiterpeno.’

El Unico estudio reportado respecto a la composicion quimica de H. inuloides aplicando
CLAR, permitié concluir que la edad de la planta es uno de los factores determinantes en la
concentracién de algunos compuestos en la especie;’® sin embargo, la cantidad de
metabolitos investigados es limitada, lo cual no permite establecer un perfil metabolico

claro, al comparar muestras de distintas poblaciones.
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Metodologia

Con el objetivo de realizar un analisis preliminar del perfil metabdlico de la especie, se
obtuvieron cromatogramas tridimensionales de dos extractos preparados a partir de las
partes aéreas de poblaciones colectadas en la zona de los volcanes, Estado de México. Este
tipo de analisis permite dar seguimiento a la absorcion a diferentes longitudes de onda
durante la corrida cromatografica, y facilita la identificacion de las zonas de mayor
contenido metabolico, para que de esta manera la optimizacién de las condiciones de

separacion pueda enfocarse en dicha zona (Figura 1).
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Figura 1. Cromatogramas tridimensionales de dos extractos de H. inuloides, en los
cuales se puede distinguir los tiempos de retencién en los cuales aparecen la mayor
cantidad de metabolitos, y las regiones de longitudes de onda de mayor absorcion.

En la Figura 1 puede observarse que la zona comprendida entre los tiempos de retencion
del minuto 7 al 14, es aquella en la cual aparecen la mayor cantidad de compuestos, por lo
tanto, se procedio a probar distintas proporciones de eluyentes (metanol, agua), con el

objetivo de optimizar la resolucidn en esta zona del cromatograma.

Condiciones de separacion
Los diversos ensayos experimentales realizados permitieron adquirir el conocimiento de las
condiciones y procedimientos précticos a realizar. Derivado de las experiencias adquiridas,
se logro establecer que las condiciones cromatogréficas con las cuales se consiguié una
mejor resolucion de los picos fueron las siguientes:

» Se utiliz6 una columna Agilent Eclipse XDB-C18 RRHT de fase reversa

*  Flujo: 1 mL/min

» Tiempo de analisis: 20 minutos

» Temperatura 24 °C (control de temperatura durante todo el analisis)

» Fase movil: metanol:agua (gradiente de polaridad, Figura 2).

» El anélisis se realizé utilizando un cromatografo de liquidos marca Thermo, modelo

Ultimate 3000, con detector de arreglo de diodos.
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Figura 2. Gradiente de polaridad utilizada en los analisis de los extractos.
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A: metanol, B: agua.

Una vez establecidas las condiciones apropiadas para la separacion de los picos en la zona
de mayor concentracion, se procedio a la inyeccion de las sustancias puras obtenidas
previamente, con la finalidad de definir sus tiempos de retencidn en estas condiciones, y
espectros UV, los cuales fueron utilizados en la identificacion de estos compuestos en los

extractos.

Resultados

En la Figura 3 se muestran los cromatogramas de dos extractos acetonicos de H. inuloides
obtenidos aplicando la metodologia descrita previamente. En dichos cromatogramas se
pueden observar diferencias en los perfiles metabdlicos de los extractos en cuanto a la

presencia y proporcién de metabolitos.
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Figura 3. Cromatogramas de dos extractos acetdnicos de H. inuloides. Extracto A) material
vegetal con flor, colectado en Tlacotitlan, Ozumba, Estado de México en Octubre de 2012,
numero de colecta: E. Linares y Bye 2754. Extracto B) material vegetal con flor, colectado
en Cuijingo, Juchitepec, Estado de México en Octubre de 2012.

La obtencion de los tiempos de retencion de los compuestos en forma pura se hizo a partir
de la inyeccién independiente de cada de una de las sustancias, tal como se muestra en la
Figura 4, en la cual se incluye también el cromatograma de uno de los extractos analizados,

permitiendo de esta manera la visualizacion de las regiones donde aparece cada metabolito.
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Figura 4. Comparacién de los cromatogramas de los compuestos de tipo cadinano
aislados de H. inulolides, con el cromatograma de un extracto acetonico de las partes aéreas
de esta especie. Todos los cromatogramas fueron obtenidos bajo las mismas condiciones de

separacion.

La identificacion de la presencia o ausencia de cada uno de los constituyentes se basoé en la
comparacion de los tiempos de retencion y espectros UV de las sustancias puras con los
picos observados en los cromatogramas de los extractos acetdnicos, como se muestra en la
Figura 5, para el caso de los metabolitos mayoritarios 7-hidroxi-3,4-dihidrocadaleno y 7-
hidroxicadaleno.
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Figura 5. A) Comparacion de los cromatogramas de los compuestos mayoritarios 7-
hidroxi-3,4-dihidrocadaleno y 7-hidroxicadaleno aislados de H. inulolides, con el
cromatograma de un extracto aceténico de las partes aéreas de esta especie. B)
Comparacién de los espectros uv para cada uno de los compuestos en forma pura, con los

espectros de los picos en el cromatograma del extracto.
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De esta manera fue posible la determinacion de los tiempos de retencion y la obtencion de
los espectros uv para cada uno de los compuestos de tipo cadinano aislados previamente
(Cuadro 1).

Cuadro 1. Tiempos de retencién y longitudes de onda de maxima absorcion de cada uno

de los compuestos de tipo cadinano asilados de H. inuloides

Compuesto de tipo Tiempo de retencién (min) A max (nm)
cadinano
12.667 224.3
12.257 224.1
0
11.450 216.3
HOOC i :
PN
HO
O‘ 11.163 221.0
/:\
HO
OO 10.713 226.8
10.607 228.3
HOOC BN
H :
PN
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10.467 241.2
HOOC

a5t

CHO

HO OO 10.013 228.2

OH
O‘ 8.713 210.0
@)

OH
7.603 241.4
HOOC I

PN

HO
O‘ OH 5.653 256.1
(@)

Los compuestos identificados, en cada uno de los extractos analizados aplicando el método
desarrollado, se muestran en la Figura 6, evidenciando las diferencias en el contenido
metabolico de los dos extractos preparados a partir de distintas poblaciones. Considerando
que las dos poblaciones investigadas fueron colectados en distintas zonas geogréficas,
resulta evidente que esta variable puede ser determinante en la composicion quimica de la
planta; sin embargo, estudios previos del contenido de algunos metabolitos secundarios de
H. inuloides, incluyendo sesquiterpenos de tipo cadinano, han evidenciado que la edad de la
planta es uno de los factores més importantes que afecta su perfil metabélico.’

Otros factores como las condiciones medioambientales (estrés), pueden determinar los

niveles de expresion de metabolitos.’ Por ejemplo, se ha demostrado que la supresion de
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genes involucrados en la biosintesis de cadinanos en la planta del algodon, evita la
induccion de la respuesta en defensa a infecciones bacterianas.”®

Ya sea desde un punto de vista ecologico, o de estandarizacion de extractos para fines
terapéuticos, el método cromatografico desarrollado proporciona de forma preliminar una
herramienta para futuras investigaciones en las cuales, a través de un disefio experimental
adecuado, sea posible determinar las variables mas importantes que generan la presencia o
ausencia de determinados metabolitos en esta especie. Ademdas de que su aplicacion
permite clasificar de mejor manera a los extractos para investigaciones posteriores,
facilitando la identificacion de muestras que eventualmente posean substancias no aisladas
con anterioridad, enfocando las actividaes de aislamiento y purificaciéon sobre estas
substancias, con el objetivo de completar el perfil metabolico. La diversidad quimica y la
variacion en la abundancia de los metabolitos secundarios, dificulta el desarrollo de un
método por CLAR que sea aplicable para la deteccion de todas las sustancias presentes en
la planta; sin embargo, la identificacién de los metabolitos caracteristicos y los estudios
sobre sus propiedades bioldgicas (de interés medicinal, ecoldgico, agrondmico, inter alia,
permiten establecer las correlaciones con otras variables.

Finalmente, se puede concluir que la metodologia desarrollada permite la identificacion
simultdnea de sesquiterpenos de tipo cadinano utilizando deteccion uv o visible, sin la
necesidad de derivatizacion quimica, y evitando la descomposicion de muestras

termolabiles, en un tiempo relativamente corto de analisis.
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Figura 6. Identificacion de compuestos de tipo cadinano en dos extractos de H.
inuloides mediante la aplicacion de CLAR. Extracto A) material vegetal con flor, colectado
en Tlacotitlan, Ozumba, Estado de México en Octubre de 2012, numero de colecta: E.
Linares 2754 y Bye. Extracto B) material vegetal con flor, colectado en Cuijingo,
Juchitepec, Estado de México en Octubre de 2012,
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CAPITULO IV

Actividad anti-Helicobacter pylori

Resumen
La actividad inhibitoria del crecimiento de Helicobacter pylori (H. pylori) de los productos
naturales mayoritarios aislados de H. inuloides fue evaluada a través de un modelo in vitro.
Los resultados mostraron que los compuestos 7-hidroxi-3,4-dihidrocadaleno y 7-
hidroxicadaleno tienen una actividad mayor que la del farmaco de referencia metronidazol
y ésta es comparable con la de la claritromicina, uno de los antibi6ticos de eleccion en el
tratamiento de infecciones causadas por H. pylori. Estos resultados motivaron la
preparacion de una serie de analogos semisintéticos haciendo uso del esqueleto de los
cadinanos. A través de reacciones que habian sido exploradas previamente (Capitulo 2), se
obtuvo un grupo de sustancias que incluyen derivados benzoilados, los cuales poseen
grupos electro atractores y electro donadores en distintas posiciones del anillo aromatico
incorporado, ademas de dos compuestos de tipo carbamato. Estos derivados semisintéticos
se obtuvieron en las cantidades necesarias para llevar a cabo los bioensayos de inhibicion
bacteriana. Se identificO que algunos derivados benzoilados preparados a partir del 7-
hidroxicadaleno, los cuales tienen sustituyentes en la posicion para del anillo son mas

activos que el producto natural.
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Introduccion

En la actualidad el descubrimiento de nuevas moléculas Utiles para el tratamiento de H.
pylori constituye un reto importante, dada la prevalencia de las infecciones causadas por
esta bacteria, y su asociacion con el desarrollo de diversas enfermedades del tracto
gastrointestinal. La aparicion reciente de cepas de H. pylori resistentes a antibioticos y los
efectos adversos que estos generan, han disminuido la eficacia de las terapias cominmente
empleadas. Generalmente, los antibiéticos producen un desequilibrio de la microflora
gastrointestinal. Por estas razones, resulta importante la busqueda de agentes alternativos
que reemplacen a los antibidticos con el objetivo de desarrollar una terapia mas eficaz y
segura. La combinacion de estos agentes puede reducir la dosis empleada de antibi6ticos en
las terapias convencionales.

Los productos naturales son fuentes potenciales para el descubrimiento y desarrollo de
nuevos agentes eficaces contra infecciones. Existen numerosas publicaciones cientificas
que describen la actividad antibidtica de productos herbolarios contra H. pylori. Estos
estudios incluyen investigaciones de plantas, productos naturales y productos procesados.
Ademas del estudio de plantas empleadas en la medicina tradicional, los esfuerzos se han
centrado también en el aislamiento biodirigido de productos naturales, asi como en la
modificacion quimica de estos compuestos con el objetivo de obtener moléculas con mayor
actividad. A partir de estos estudios, se han identificado sustancias con actividades anti-H.
pylori importantes, como es el caso de las catequinas, el plaunotol, el kaempferol y la
triptantrina.?

Varios estudios han demostrado que los compuestos de tipo flavonoide y las chalconas
inhiben la enzima ureasa, la cual es secretada por la bacteria durante la infeccién para
asegurar su supervivencia en el pH acido del estémago.®

Existen reportes del empleo de H. inuloides para el tratamiento de desordenes
gastrointestinales.* Por esta razén los extractos preparados a partir de esta especie han sido
investigados como fuentes potenciales de sustancias con actividad anti-H. pylori. Los
extractos acuoso y metanodlico ha demostrado actividad in vitro con concentraciones
minimas inhibitorias de 500 y 31.25 pg/mL, respectivamente.” Por esta razén resulta

pertinente la investigacién de las actividades de sus constituyentes individuales.
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Los derivados de tipo cadinano comprenden un grupo interesante de compuestos con un
amplio espectro de actividades bioldgicas. Ha sido demostrado que este tipo de productos
naturales poseen propiedades antibacterianas,®” por lo cual pueden resultar Gtiles en el

descubrimiento de agentes anti-H. pylori.

Metodologia

En el andlisis de la actividad anti-H. pylori se empleo la cepa ATCC 43504 de la bacteria
H. pylori, cultivada en agar base Casman (BBL) en placas suplementadas con 5% de sangre
de oveja desfibrinada, vancomicina (10 mg/L), trimetoprim (5 mg/L), anfotericina B (2
mg/L), y polimixina B (2,5 mg / L) a 37° C en condiciones microaerofilicas (10% CO, y
5% de Oy).}

La concentracion inhibitoria minima (MIC) de los compuestos naturales y semisintéticos y
de los antibidticos de referencia (amoxicilina, claritromicina y metronidazol) se determino
empleando el método de dilucion en caldo nutritivo, de acuerdo con las recomendaciones
del Clinical and Laboratory Standards Institute (CLSI)®, empleando el caldo de Mueller-
Hinton (Difco), 0.2 % - ciclodextrina, 10 mg/L vancomicina, 5 mg/L trimetoprim, 2 mg/L
de la anfotericina B, 2,5 mg/L de polimixina B, bajo agitacion suave (150 rpm) durante el
tiempo de incubacion (37° C) bajo condiciones microaerofilicas. Los compuestos se
disolvieron en DMSO vy se prepararon diluciones seriadas para obtener concentraciones
finales en el medio de cultivo de 250, 125, 62.5, 31.2, 15.6, 7.81 y 3.9 mg/mL. Las pruebas
se realizaron en placas de 24 pozos con capacidad de 3 mL. A cada pozo se agregd 1.5 mL
de cultivo de H. pylori en la fase de crecimiento exponencial (aprox. 108 UFC/ml), més 10
mL de la muestra disuelta de cada una de las concentraciones. Cada ensayo fue realizado
por triplicado. Como control negativo se utilizaron 10 mL de DMSO, y como control
positivo se emplearon los antibioticos de referencia. Se tomo una alicuota de 750 mL para
determinar la absorbancia inicial, posteriormente las placas se colocaron en incubacion
durante 24 h. Transcurrido este tiempo se midid la lectura final. AA se utilizé para calcular
el porcentaje de inhibicion del crecimiento con respecto al control que se cultivo solo con
DMSO. La MIC definida como la concentracién mas baja de tratamiento probado que
inhibe el crecimiento bacteriano al 100 % se obtuvo mediante la aplicacion de las siguientes

ecuaciones:
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A=A - A
AA es la diferencia de absorbancias de cada cultivo, donde A; = absorbancia inicial, A =

absorbancia final del cultivo.

El porcentaje de inhibicion del crecimiento bacteriano se calculé empleando la siguiente

férmula;

*
%l :100_{&%100}
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Resultados
Las actividades anti-H. pylori de los productos naturales mayoritarios 7-hidroxi-3,4-
dihidrocadaleno y 7-hidroxicadaleno y de algunos derivados de semisintesis, expresadas

como concentracion minima inhibitoria (MIC) se muestran en la Cuadro 1.

Cuadro 1. Actividades anti-H. pylori de algunos productos naturales y derivados de
semisintesis obtenidos a partir de H. inuloides

COMPUESTO MIC (pg/mL)
0O
, 1.95
PN
HO
e 301
(@)
ﬁ/
03 7.81
R, R,
H H 15.62
R CHs H 781
R4
Oﬁ/ﬁj OCH; H 3.01
(@]
O‘ NO, H 15.62
A CFs H 1.95
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Cl H 7.81
H CHs 3.91
R1 R2

R, H H 1.95

R4
0 CHs; H 1.95

© OO OCH; H 781

NO, H >15.62
CF; H >31.25
Cl H 1.95
Metronidazol - - 300
Amoxicilina -- -- 0.05
Claritromicina -- -- 0.5

Los productos naturales 7-hidroxi-3,4-dihidrocadaleno y 7-hidroxicadaleno poseen
actividad inhibitoria del crecimiento de H. pylori (Cuadro 1). Esta actividad es mayor que
la del farmaco de referencia metronidazol. Este antibiotico es uno de los farmacos de
eleccion en el tratamiento de H. pylori, por lo tanto, estos hallazgos resultan importantes
considerando que uno de los principales factores que dificultan el tratamiento de las
infecciones causadas por esta bacteria, es la aparicion de cepas resistentes a estos
antibidticos, por lo que el descubrimiento de nuevas sustancias capaces de neutralizar a este
microorganismo ofrece una alternativa terapéutica que debe ser considerada después de
ampliar el conocimiento acerca de su seguridad y eficacia. Al comparar los valores de la

MIC para los compuestos aislados de H. inuloides (1.95 y 3.91 pg/mL), con valores
reportados en la literatura para sustancias naturales o semisintéticas, se puede observar que
son mas activos que los derivados de xantonas, un tipo de esqueleto que ha sido utilizado
en la basqueda de sustancias con actividad sobre H. pylori. Las MIC para las sustancias

mas activas que poseen este esqueleto se encuentran en un rango mayor a 20 pg/mL.° El 7-
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hidroxi-3,4-dihidrocadaleno y 7-hidroxicadaleno, son también mas activos que compuestos
de tipo sesquiterpeno aislados a través de fraccionamiento biodirigido en bdsqueda de
sustancias anti- H. pylori, a partir de la especie vegetal Santalum album. La CIM de la
sustancias mas activa aislada de esta planta es de 7.8 ug/mL.*° La actividad de los
productos naturales de H. inuloides es comparable con la de la corilagina, un producto
natural aislado de Geranium wilfordii cuya CIM es de 4 ug/mL.**

Ninguno de los derivados benzoilados o de tipo carbamato preparados a partir del 7-
hidroxi-3,4-dihydrocadaleno, fueron mas activos que el producto natural. Sin embargo, se
observo una mayor actividad de los derivados benzoilados preparados a partir del 7-
hidroxicadaleno, cuando estos tienen sustituyentes metilo o cloro en la posicion para del
anillo.

Dado que ninguno de los derivados semisintéticos evaluados perdié totalmente su
actividad, se puede deducir que las modificaciones realizadas sobre el grupo fendlico
afectan parcialmente su efecto sobre la bacteria, es decir que la importancia estructural de
los productos naturales radica mayormente en una porcion distinta de la molécula. Este
hallazgo permite proponer que es posible realizar (con mayor libertad) ciertas
modificaciones (esterificaciones) del grupo fendlico con el objetivo de mejorar la potencia
de los productos naturales o modificar sus caracteristicas de solubilidad, garantizando un
minimo de actividad bactericida.
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CONCLUSIONES

Considerando el amplio aprecio etnomédico que posee Heterotheca inuloides para
el tratamiento de diversos padecimientos, su investigacion se justifica ampliamente,
no sélo por el hallazgo de nuevos productos naturales, sino por las diversas
propiedades biologicas (de interés terapéutico, agronomico y ecoldgico, entre otras)
que poseen y la exploracidn de sus mecanismos de accion.

En el presente trabajo de investigacion se logro el aislamiento de nuevos productos
naturales y la caracterizacion completa de sustancias reportadas con anterioridad.
De las partes aéreas se aislaron cuatro sesquiterpenos de tipo cadinano nuevos y
cuatro previamente reportados. La configuracion absoluta de los productos naturales
nuevos se establecié por comparacion de sus espectros de dicroismo circular
electronico, experimental y calculado, y confirmada a través de difraccion de rayos
X.

El hallazgo de que todos los compuestos que poseen un centro estereogénico en la
posicion C-4 tengan la misma configuracion, concuerda con estudios previos
relacionados con la configuracion absoluta de los cadinanos que se aislan de H.
inuloides y permite concluir que esta especie biosintetiza solamente una serie
enantiomérica.

Los estudios de la capacidad anti-inflamatoria in vivo mostraron que varios de los
metabolitos de tipo cadinano poseen actividad moderada. Algunos de ellos, tienen
un efecto importante sobre factores de transcripcion involucrados en los procesos de
inflamacion y cancer.

Los resultados obtenidos a través de experimentos con lineas celulares muestran que
el principal constituyente de esta especie, el 7-hidroxi-3,4-dihidrocadaleno, posee
actividad anti- NF-xB y es capaz de activar la via antioxidante del factor de
transcripcion Nrf2, lo cual puede correlacionarse con el uso de esta especie en la
medicina tradicional como agente antiinflamatorio.

Se obtuvo un grupo de compuestos semisintéticos, incluyendo derivados de tipo
éster y carbamato, preparados a partir de los cadinanos naturales activos. El
derivado 7-(p- metilbenzoiloxi)-3,4-dihidrocadaleno, resultd ser un inhibidor de NF-

kB y activador de Nrf2 mas potente que el producto natural originario. Esta
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sustancia reduce la acumulacién intracelular de especies reactivas de oxigeno y
disminuye los niveles de fosfo-lkBa, un complejo proteico involucrado en la
activacion del NF-xB. Los analisis de simulacion de acoplamiento (reconocimiento)
molecular indicaron que este derivado se posiciona en el loop de activacion de la
subunidad de IKK, lo cual explica el mecanismo por el cual evita la fosforilacion
de IxBa, y concuerda con la evidencia encontrada a traves de analisis por western
blot. Estos resultados constituyen una contribucion importante en la elucidacion del
mecanismo por el cual los productos naturales de H. inuloides ejercen su efecto
antiinflamatorio.

Los derivados de tipo carbamato tuvieron una actividad citotdxica notable sobre
adenocarcinoma colorectal humano con efectos toxicos minimos sobre fibroblastos
gingivales humanos. Estas sustancias fueron inefectivas sobre los factores de
transcripcion NF-xB, Nrf2 y STAT3, lo cual indica un mecanismo de citotoxicidad
que involucra otros blancos moleculares. Por lo tanto, se requieren investigaciones
adicionales.

Los compuestos de tipo cadinano pueden considerarse como una nueva clase de
moduladores naturales de los factores NF-xB y Nrf2 y ser de utilidad como modelos
para el desarrollo y optimizacion de nuevas sustancias con actividades
antiinflamatorias y anticancerigenas.

El analisis del contenido metabdlico de la especie mediante CLAR proporciond
informacion importante respecto al perfil quimico de la planta, ya que se detectaron
diferencias en la composicion de extractos de distintas poblaciones, a través de la
identificacion individual de los constituyentes caracteristicos. Estos resultados
pueden ser Utiles en la estandarizacion de extractos y preparados fitofarmacéuticos.
Los hallazgos concernientes a la actividad anti-H. pyori de los metabolitos y
derivados semisintéticos de H. inuloides permite proyectar la exploracion de su
potencial como agentes terapéuticos en el tratamiento de infecciones causadas por
esta bacteria, lo cual significa una opcion novedosa en el proceso de descubrimiento
de sustancias capaces de contrarrestar microorganismos resistentes a los farmacos

comunmente empleados.



