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Nota: esta Tesis Doctoral se presenta en parte en inglés, ya que el primer 

capítulo que la conforma ha sido publicado y el resto de capítulos 

presentes en la misma son artículos en preparación con formato de revista 

de investigación para ser publicados. Los objetivos específicos que se 

persiguen en la Tesis se desarrollan en cada uno de los capítulos, ya que se 

han organizado por grupos taxonómicos de alimentos. Por esta misma 

razón, y para facilitar la lectura, las referencias de la Introducción, 

Capítulos y Discusión General aparecen al final de cada uno de ellos.  
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Abreviatura Descripción 

4QNO 4-Nitrosoquinoline-Oxide  

A172 Human glioblastoma cell 

AFB1 aflatoxin B1 

AGS Gastric adenocarcinoma cell 

ARPE-19 Arising Retinal Pigment Epithelial 19 

AsPC-1 Pancreatic cáncer ascites metastasis 

B16-F10 mouse melanoma cell line 

BaP benzo[a]pyrene 

BdS Beaded Serrate 

BPDE (+)-anti-7β,8α-dihydroxy-9α,10α-oxy-7,8,9,10-
tetrahydrobenzo[a]pyrene 

BxPC-3 Pancreatic cáncer cell line 

CaCo-2 Human colon cáncer cell line 

CE 81T/VGH Esophagus epidermoid carcinoma cell line 

COLO 205 Human colon adenocarcinoma cell line 

COX Cyclooxygenase 

CP cyclophosphamide 

DADS Diallyl disulfide 

DAS Diallyl sulfide 

DATS Diallyl trisulfide 

DEN n-nitrosodiethylamine 

DMBA 7,12 dimethylbenz[a]anthracene 

DMN Dimethyl nitrosamine 

DMS-114 Small cell lung cancer cell line 

DMSO Dimethyl sulfoxide 

DPDS Dipropyl disulfide 

DPS Dipropyl sulfide 

DU-145 Human prostate carcinoma cell line 

EBV-EA Epstein-Barr virus early antigen 

EROs Especies reactivas de oxígeno 

flr flare 

GHP Green hot pepper 

GSP Green sweet pepper 

HCT116 Human colon tumour 116 

HCT-15 Human colon tumour 15 

HeLa Human cervical cancer cells 
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Hep2 Hepatoma 2  

Hep3B hepatoma 3B 

HepG2 hepatoma G2 

HL60 Human leukaemia 60 

HSC-2 Human squamous cell carcinoma cell line 

HSC-3 Human squamous cell carcinoma cell line 

HSG Immortalized human submandibular gland cell line 

HT-29 Human colon carcinoma cell line 

IC50 50 % inhibition concentration 

IP Inhibition percentage 

IQ 2-amino-3-methylimidazo [4,5-f] quinolone 

K562 Human chronic myelogenous leukemia cell line 

KU812 Leukaemic cell line 

L Large single spots 

LJ Lemon juice 

LNCaP Human prostate cancder cell line 

LOX Lysyl oxidase 

MCF-7 Human breast adenocarcinoma cell line 

MCF-7 ER+ Positive estrogen receptor human breast adenocarcinoma cell 
line 

MDA-MB-231 Human breast cáncer cell line 

MDA-MB-435 
ER- 

Negative Estrogen receptor MDA-MB-435 breast cancer cells 

MMP Matrix metalloproteinases 

MNNG N-methyl-N´-nitro-N-nitrosoguanidine 

MTCCA 1-mehtyl,1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid 

mwh Multiple wing hair 

NB-4 Leukaemic cell line 

NDMA N-nitrosodimethylamine 

NPYR N-Nitrosopyrrolidine 

OJ Orange juice 

PBS Fetal bovine serum 

PC-3 Human prostate cáncer cell line 

PZ-HPV- 7 Normal epithelial prostate cancer cell line 

R Recombinogenic activity 

RBL-2H3 Rat basophile leukaemia cell line 

RHP Red hot pepper 

ROS Reactive Oxygen Species 

RSP Red sweet pepper 
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RT Room temperature 

S Small single spots 

SBR sequencing batch reactor 

SCGE Single-cell gel electrophoresis 

SHSY-5Y Human neuroblastoma cell line 

SK-Hep-1 Human hepatocarcinoma cell 

SK-MEL5 Human melanoma cell line 

SMART Somatic Mutation and Recombination test 

SNU-1 Human gastric cancer cell line 

SO styrene oxide 

SW-480 Human colon cancer cell line 

T Twin spots 

TA100 Salmonella typhymurium 100 strain 

TA102 Salmonella typhymurium 102 strain 

TA1535 Salmonella typhymurium 1535 strain 

TA1537 Salmonella typhymurium 1537 strain 

TA97 Salmonella typhymurium 97 strain 

TA98 Salmonella typhymurium 98 strain 

TM Tail Moment 

TM3 Third Chromosome multiple inversion 

U937 Leukaemic cell line 

UF-1 Leukaemic cell line 
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La producción del sector hortofrutícola se ve incrementada cada año y, 

paralelamente, la sociedad actual demanda productos agrícolas de calidad. 

Esta calidad debe ser medida no sólo en un mejor sabor sino en sus 

potenciales efectos saludables. 

La dieta mediterránea es una dieta altamente valorada a nivel mundial 

debido a su alto contenido en antioxidantes naturales presentes en las 

matrices alimenticias que la constituyen como son las frutas y verduras 

entre otras. Esta dieta es muy similar a la dieta de nuestros antepasados 

paleolíticos y numerosos estudios multidisciplinares han mostrado los 

efectos positivos de esta dieta frente a enfermedades degenerativas como 

el cáncer, obesidad, diabetes y enfermedades cardiovasculares; además se 

le ha atribuido una asociación directa con la longevidad.  

En el presente trabajo se han seleccionado cuatro variedades de pimiento, 

cebolla, ajo, naranja, limón y tomate, así como las moléculas que los 

caracterizan capsaicina, capsantina, luteína, DPDS, DADS, hesperidina, 

limoneno y licopeno. 

Para determinar la calidad de dichos alimentos y comprobar si el efecto de 

los mismos se debe a las moléculas más distintivas embebidas en su matriz, 

se han llevado a cabo los siguientes estudios in vivo e in vitro: 

1. Estudios in vivo utilizando el modelo genético de 

experimentación animal Drosophila melanogaster: 

a. Evaluación de la inocuidad o seguridad genómica. 
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b. Evaluación de los efectos antigenotóxicos o protectores 

frente al daño genético causado por la genotoxina 

modelo peróxido de hidrógeno. 

c. Evaluación de la longevidad asociada a la calidad de vida. 

2. Estudios in vitro utilizando la línea celular humana modelo de 

inhibición del crecimiento tumoral HL60: 

a. Evaluación del efecto citotóxico o potencial 

quimiopreventivo. 

b. Evaluación del efecto proapoptótico y actividad 

clastogénica.  

c. Evaluación de la modulación metilación global del ADN 

en células de leucemia tratadas con una molécula 

seleccionada. 

3. Experiencia piloto sobre la actividad anticarcinogénica de una 

molécula de elección (hesperidina) en un modelo de 

hepatocarcinogénesis en ratas inducida por dietil nitrosamina. 

Todos los alimentos y moléculas estudiadas son seguros en el ensayo de 

mutaciones y recombinaciones somáticas (SMART) de Drosophila 

melanogaster excepto altas dosis de pimiento verde picante, limón, 

capsaicina y limoneno.  

Todos los alimentos y moléculas estudiadas mostraron un efecto protector 

frente al daño genético inducido por el peróxido de hidrógeno excepto el 

pimiento verde picante a altas dosis. 



 
15 

 

De todas las sustancias estudiadas únicamente el pimiento rojo dulce tiene 

un efecto positivo sobre la longevidad asociada con la calidad de vida en 

Drosophila, junto con las concentraciones bajas de naranja, hesperidina y 

limoneno. 

Todos los alimentos y moléculas seleccionados tienen un efecto citotóxico 

frente a la lineal tumoral HL60 de leucemia humana excepto luteína, 

cebolla y licopeno que no llegaron a alcanzar la concentración inhibitoria 

50. 

Las variedades de pimiento estudiadas, ajo y limón así como capsaicina, 

DADS y limoneno fueron las únicas en mostrar una actividad proapoptótica 

en la línea tumoral HL60 induciendo fragmentación internucleosómica del 

ADN. Además ajo, cebolla y tomate así como sus moléculas más 

representativas (DADS, DPDS y licopeno) mostraron actividad clastogénica 

del ADN en la misma línea tumoral. 

La molécula de elección hesperidina es capaz de ejercer desmetilación 

genómica en las secuencias repetitivas LINE-1 y ALU-M2. La experiencia 

piloto de hepatocarcinogénesis inducida en ratas con dietil nitrosamina es 

muy prometedora ya que la hesperidina induce una inhibición de los 

nódulos hepáticos originados por la dietil nitrosamina. 

Basándonos en los resultados obtenidos en la presente Tesis, podemos 

concluir que no todos los componentes estudiados de la dieta 

mediterránea confieren el mismo nivel de protección del genoma de 

Drosophila ni son quimiopreventivos frente a células de leucemia. Además, 

el efecto de dosis es determinante en las actividades biológicas 
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encontradas en las sustancias estudiadas. Entre todas las muestras 

estudiadas los mejores candidatos para ser considerados como 

nutracéuticos o alimentos funcionales son las variedades dulces de 

pimiento, la naranja, el ajo y el tomate. 
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Horticultural sector production is increasing every year and, in parallel, the 

current society demands quality agricultural products. This quality should 

be measured not only as a better taste but in their potential health effect. 

Mediterranean diet is a highly valued worldwide diet due to its high natural 

antioxidant content present in the food matrixes such as fruits and 

vegetables among other. This diet is very similar to the diet of our 

Palaeolithic ancestors and numerous multidisciplinary studies have 

demonstrated the positive effects of this diet against degenerative diseases 

such as cancer, obesity, diabetes and cardiovascular disease; it has also 

been attributed a direct association with longevity. 

In the present study, four pepper varieties, onion, garlic, orange, lemon 

and tomato, as well as the characteristic molecules present in them, 

capsaicin, capsanthin, lutein, DPDS, DADS, hesperidin, limonene and 

lycopene have been selected. 

In order to determine the quality of these foods and to confirm if the effect 

thereof is due to the most distinctive molecules embedded in their 

matrixes, it has carried out the next in vitro and in vivo studies: 

1. In vivo studies using the genetic animal model Drosophila 

melanogaster: 

a. Safety evaluation or genetic security. 

b. Evaluation of the antigenotoxic or protector effects against 

H2O2 model genotoxine -induced genetic damage. 

c. Evaluation of the longevity associated to the healthspan. 

2. In vitro studies using the human HL60 cell line as tumour inhibition 

growth model: 
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a. Evaluation of the cytotoxic effect or chemopreventive 

potencial. 

b. Evaluation of the proapoptotic effect and clastogenic 

activity. 

c. Evaluation of the DNA global methyl modulation in the 

leukaemia cells treated with a selected molecule. 

3. A pilot experience testing the anticarcinogenic activity of a choice 

molecule (hesperidin) using a diethyl nitrosamine-induced 

hepatocarcinogenesis model in rats. 

All tested foods and molecules are safe in the somatic mutation and 

recombination test (SMART) in Drosophila melanogaster except high doses 

of green hot pepper, lemon, capsaicin and limonene. 

All tested foods and molecules showed a protector effect against H2O2-

induced genetic damage except high doses of green hot pepper. 

Only red sweet pepper, among all tested substances, has a positive effect 

on the longevity associated to a healthspan increase in Drosophila, 

together with low concentrations of orange, hesperidin and limonene. 

All selected foods and molecules have a cytotoxic effect against the human 

leukaemia HL60 tumour cell line except lutein, onion and lycopene that did 

not achieve the 50% inhibition concentration. 

The tested pepper varieties, garlic and lemon as well as capsaicin, DADS 

and limonene were the only samples that show a proapoptotic activity in 

the HL60 tumoural cell line inducing a DNA internucleosomic 

fragmentation. Furthermore, garlic, onion and tomato as well as their most 
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representative molecules (DADS, DPDS and lycopene) showed DNA 

clastogenic activity in the same tumoural cell line. 

The selected molecule hesperidin is able to induce genomic demethylation 

in the LINE-1 and ALU-M2 repetitive sequences. The hepatocarcinogenic 

pilot experience induced in rats with diethyl nitrosamine is very promising 

since hesperidin induces an inhibition of liver nodules caused by diethyl 

nitrosamine. 

Based on the results obtained in the present Thesis, we can conclude that 

not all studied components of the Mediterranean diet confer the same 

protection level to the Drosophila genome nor are chemopreventive 

against leukaemia cells. Furthermore, the dose-effect is critical for the 

biological activities found in the tested substances. Among all the tested 

samples the best candidates to be considerated as nutraceutical or 

functional foods are sweet pepper varieties, orange, garlic and tomato. 
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1. Evolución humana, dieta y salud. 

Continuas evidencias antropológicas indican que la dieta que consumían 

nuestros antepasados humanos (australopitecos) se caracterizaba por la 

ausencia de carbohidratos refinados, niveles elevados de fibra y proteínas y 

niveles comparables a los actuales de grasas insaturadas y colesterol 

(Konner and Eaton, 2010). Esta dieta ancestral ha contribuido a la selección 

de nuestra composición genética y por lo tanto hay que tener en cuenta su 

influencia en esos momentos evolutivos. El Neolítico parece haber tenido 

una mínima influencia en nuestro genoma, si comparamos ese periodo con 

los 2,8 millones de años de evolución que lo anteceden y que forman parte 

del Paleolítico. Nuestros antepasados vivían en una sociedad de cazadores 

y las proteínas representaban aproximadamente el 19-35%, las grasas el 

28-47% y los glúcidos el 22-40% del total de calorías ingeridas (Mann, 

2004). Sin embargo, la dieta humana ha cambiado drásticamente: la 

ingesta de proteínas ha sido reducida al 10-15%; el consumo de glúcidos ha 

aumentado al 45-60% a través de una mayor ingesta de cereales y 

productos derivados del almidón, en lugar de verduras; el consumo de 

grasas poliinsaturadas se ha reducido y el de la grasa saturada ha 

aumentado. En tan corto período evolutivo de tiempo asociado al 

sedentarismo y a la superpoblación, los seres humanos han sido capaces de 

adaptarse para sobrevivir a este gran cambio alimenticio y han colonizado 

la tierra, sin embargo nuestro genoma evolucionó para adaptarse a unas 

condiciones que hoy en día no existen y los cambios ambientales han sido 

muy rápidos y los genes sufren un desfase de adaptación que posiblemente 

sea el causante de la aparición de enfermedades crónicas en la sociedad 
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actual (Pérez-Guisado and Muñoz-Serrano, 2011). De hecho, Eaton y col., 

apuntan que esta imposible y drástica adaptación genética junto a factores 

como el sedentarismo y la exposición a tóxicos medioambientales son en 

gran medida los responsables de la obesidad, diabetes tipo 2, hipertensión 

arterioesclerosis y varios tipos de cáncer, entre otras enfermedades 

degenerativas (Eaton et al., 2010). 

2. Sustancias vegetales contenidas en la dieta mediterránea.  

La dieta mediterránea ha sido descrita a través de una pirámide alimenticia 

consistente en el consumo diario de frutas, verduras, cereales y productos 

no refinados y productos lácteos bajos en grasa, consumo semanal de 

pescado, aves de corral, patatas, aceitunas, legumbres y frutos secos y 

raramente dulces y huevos, consumo mensual de carne roja y productos 

cárnicos y consumo moderado de vino (Panagiotakos and 

Polychronopoulos, 2005). Los diferentes componentes de sus 

constituyentes son: grasas monoinsaturadas (aceite de oliva y frutos 

secos), ácidos grasos poliinsaturados omega-3 (grasa de pescado, verdura, 

frutos secos, aceites vegetales), antioxidantes como la vitamina C y E y 

flavonoides (frutas, verduras, vino, aceite de oliva) y fibra (cereales y 

hortalizas) (Mackenbach, 2007). Numerosas investigaciones han 

demostrado las propiedades saludables de esta dieta asociándola con la 

longevidad (Shahar and Itamar Grotto, 2006; Trichopoulou et al., 2003) y 

con una menor predisposición al padecimiento de enfermedades cardiacas, 

ciertos tipos de cáncer, diabetes y obesidad (Agarwal and Rao, 2000; 

Estruch et al., 2013; La Vecchia, 2004; Salas-Salvadó et al., 2011) . Estas 

propiedades saludables son debidas a su alto contenido en antioxidantes 
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naturales (Irigaray et al., 2007; Oh et al., 2005). Aunque al tratarse de una 

dieta que varía según el país mediterráneo, resulta difícil detectar cuáles 

son los componentes más saludables dentro de la misma. Es de destacar 

que este tipo de dieta es similar a la que compartían nuestros antepasados 

con la excepción de que en ella se incluyen alimentos procesados como lo 

son el aceite de oliva, el vino y el pan. Los alimentos procesados podrían 

conducirnos a la pérdida de una dieta saludable ya que el hombre incluye 

en su procesamiento aditivos y/o conservantes que podrían ser 

perjudiciales para la salud (Sasaki et al., 2002; Yahagi et al., 1974). Desde 

este punto de vista, es importante llevar a cabo una evaluación de las 

actividades biológicas de los alimentos contenidos en la dieta mediterránea 

que no sufren modificaciones ni por inclusión de aditivos ni por su proceso 

de obtención con el objetivo de volver a ponerlos en valor. 

3. Alimentos no procesados presentes en la base de los platos 

mediterráneos. 

Existen claras evidencias sobre la relación entre el tipo de dieta y el 

padecimiento o ausencia de ciertos tipos de enfermedades degenerativas 

como el cáncer (Rodriguez-Casado, 2014). La dieta mediterránea está 

basada en el consumo de fruta, verdura y aceite de oliva, siendo estos 

componentes una elevada fuente de antioxidantes naturales, los cuales 

pueden ejercer un efecto pleiotrópico protegiendo al ADN del daño 

genético a través del secuestro de especies reactivas de oxígeno. Estos 

xenobióticos están asociados a su vez con procesos tales como el 

envejecimiento y cáncer, en los que además interviene el control de las 
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marcas epigenéticas (Berghe, 2012; Kampa et al., 2009; Saura-Calixto and 

Goñi, 2006; Si and Liu, 2014).  

Por ello, es necesario determinar a nivel molecular la seguridad de su 

consumo, y los mecanismos por los cuales ejercen un efecto protector del 

ADN, así como quimiopreventivo y regulador de los patrones epigenéticos 

de dichos componentes (hortalizas, vino, aceite de oliva y zumos) y de 

sustancias activas y distintivas presentes en ellos (triacilgliceroles, 

organosulfurados y fenoles de diversos grupos químicos). 

De entre los alimentos básicos no procesados (frescos y que no sufren 

ningún tratamiento higienizante, también llamados de 1ª gama) presentes 

en la cocina mediterránea hemos seleccionado un grupo cuya producción 

mundial alcanzó un total de 361.123.625 toneladas en el año 2013 

(tomates: 163.963.770 toneladas; cebollas: 85.795.191 toneladas; 

naranjas: 71.445.353 toneladas; ajos: 24.255.303 toneladas; limones: 

15.191.482 toneladas y pimientos: 472.526 toneladas) según la FAO 2015 

(Food and Agriculture Organisation of the United Nations). 

El tomate, debido a su versatilidad, color y sabor, se ha posicionado como 

elemento clave dentro de una gran variedad de platos. Sus propiedades 

saludables son bien conocidas. Estudios epidemiológicos han demostrado 

la relación directa del consumo de tomate con la prevención de 

enfermedades cardiovasculares y cáncer. Un meta-análisis de estudios 

observacionales llevados a cabo hasta el año 2003 demostró cómo 

elevadas ingestas de tomate crudo y no cocinado tenían una relación 

inversa con el cáncer de próstata (Wei and Giovannucci, 2012). Es 
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interesante conocer si es el licopeno el responsable de tales propiedades 

beneficiosas o lo es el fruto por sí mismo al tratarse de un reservorio de 

gran cantidad de componentes antioxidantes que podrían actuar de 

manera sinérgica. 

La cebolla y al ajo han sido usados durante milenios en la medicina 

tradicional de muchas culturas en el tratamiento de desórdenes 

cardiovasculares entre otros. Podríamos decir que la cebolla es un tónico 

natural cuyo consumo es recomendable para el ser humano pero existen 

pocos estudios que nos muestren la acción quimiopreventiva de la misma, 

a pesar de ser un alimento tan extendido a nivel mundial. Con respecto al 

ajo, estudios epidemiológicos sobre la relación existente entre su consumo 

y su efecto protector frente a enfermedades como el cáncer son 

controvertidos (Chiavarini et al., 2015). Al tratarse de alimentos con tan 

elevada producción mundial (la cebolla tres veces más que el ajo), sería 

conveniente tratar de elucidar qué dosis son las apropiadas para el 

consumo y de esta manera aportar datos sobre el consumo saludable de 

estos dos vegetales.  

Los cítricos, entre ellos la naranja y el limón, son frutos propios de climas 

tipo mediterráneo y subtropical. Todo son bondades sobre sus efectos 

saludables puesto que previenen de procesos degenerativos tales como 

diabetes, enfermedades cardiovasculares o determinados tipos de cáncer 

(González-Molina et al., 2010). De hecho, Song and Bae (2013) tras realizar 

un estudio observacional a través de una revisión sistemática comprobaron 

que el consumo de cítricos está asociado a una reducción de cáncer de 

mama. Debido al importante papel que se les ha atribuido en la prevención 
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de enfermedades tan características y de elevada índole epidemiológica, es 

interesante conocer los efectos de las moléculas que los distinguen y sobre 

todo el efecto que pudieran tener las dosis de las mismas. 

Los pimientos son un grupo de frutos herbáceos que incluyen más de 200 

variedades. Hay que tener en cuenta que características tales como la 

pungencia y la madurez influyen en la calidad del plato donde se integren y 

también pueden influir en la salud. La molécula responsable de la 

sensación de pique/quemazón de este fruto es la capsaicina (Barceloux, 

2009). Es difícil establecer la seguridad del consumo de pimientos picantes, 

puesto que los estudios llevados a cabo han mostrado datos controvertidos 

(Bode and Dong, 2011). Aunque estudios epidemiológicos apoyan que el 

consumo de pimientos picantes está estrechamente ligado al padecimiento 

de cáncer de estómago y garganta (López-Carnllo et al., 1994; Serra et al., 

2002). Son conocidas las propiedades anticarcinogénicas de los frutos 

rojos. (Tahergorabi et al., 2015), siendo la capsantina uno de los mayores 

carotenoides responsables del color rojo en los pimientos (Topuz and 

Ozdemir, 2007). Este pigmento natural es de gran atención a nivel mundial 

ya que se utiliza en la industria alimentaria y cosmética y es metabolizado 

rápidamente en el cuerpo. Estudios epidemiológicos muestran que este 

carotenoide tiene un efecto inhibitorio en el cáncer de colon (Shah et al., 

2014). Por lo que alimentos ricos en capsantina serían útiles para mantener 

un estado óptimo de salud. 

4. Estrés oxidativo y su relación con mecanismos genotóxicos 

(fundamentalmente mutagénicos) y no genotóxicos (epigenéticos) 
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Las especies reactivas de oxígeno (EROs) exógenas procedentes de 

xenobióticos, compuestos clorados, ciertos metales, radiaciones e incluso 

de ciertos alimentos (Alejandre-Durán et al., 1987), así como las 

endógenas, causan daño celular a nivel de ADN, ARN o proteínas. Cuando 

se producen en exceso pueden originar una gran proporción de radicales 

de tipo oxidativo que se deben considerar en el cómputo final del daño 

genético (Klaunig and Kamendulis, 2004). 

Las EROs pueden ser causantes de iniciaciones tumorales (originando 

lesiones en el ADN que causan transversiones, deleciones, roturas de 

cadenas y aberraciones cromosómicas) y también pueden modular las 

siguientes fases del proceso carcinogénico: la proliferación (en el ciclo 

celular o en el proceso de muerte celular), o la metástasis (Halliwell, 2008). 

En general, pueden tener un papel crucial en la modulación de procesos 

degenerativos (mutaciones, cáncer o envejecimiento) (Franco et al., 2008) 

y éstos parecen estar relacionados con cambios originados en las 

secuencias génicas y/o en fases transcripcionales (metilaciones o 

desmetilaciones de genes supresores de tumores o de oncogenes 

respectivamente) (Fuks, 2005). 

Las alteraciones producidas por radicales oxidativos en el ADN pueden 

interferir con la capacidad del mismo para actuar como sustrato de las 

metilasas, provocando una hipometilación global de los genomas. Por 

ejemplo, los Rayos X, ultravioleta, gamma, o los derivados 8-hidroxi-2-

desoxiguanosina originados por el ataque al ADN de radicales hidroxilo, 

pueden inhibir la metilación de las citosinas adyacentes en las secuencias 

GpC u originar metilaciones específicas (Hepburn et al., 1991). 
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Ya que el daño oxidativo del ADN puede afectar a la metilación 

conduciendo a expresión génica aberrante y posiblemente conduciendo al 

desarrollo de tumores, la modulación en los patrones de metilación podría 

usarse como marcador en la biomonitorización del proceso 

carcinogénico/anticarcinogénico 

El estrés oxidativo celular es, por tanto, un evento que debe ser evitado o 

paliado debido a sus efectos pleiotrópicos, en especial aquellos que 

afectan al genoma. 

5. Modelos de ensayos para la detección de sustancias saludables.  

Ensayo de detección de mutaciones y recombinaciones somáticas en discos 

imaginales alares de Drosophila melanogaster (Graf et al., 1984). Basado en 

la detección de alteraciones genéticas producidas en células de discos 

imaginales alares de la larva, que pueden distinguirse fenotípicamente en 

el tejido adulto después de la expansión clonal y la metamorfosis. Nuestro 

grupo ha usado este ensayo para detectar actividad genotóxica en 

compuestos de estructura química variada, desde mutágenos a 

promutágenos con diferentes métodos de acción genotóxica, como agentes 

alquilantes, intercalantes o formadores de aductos, tanto sólidos, como 

líquidos, gaseosos, simples o mezclas complejas (Fernández-Bedmar et al., 

2011; Moraga and Graf, 1989; Rojas‐Molina et al., 2005). 

Ensayo de longevidad. Es bien conocido que el proceso de envejecimiento 

está determinado por el estrés oxidativo. Por este motivo, es necesario 

detectar moléculas antioxidantes incluidas en los alimentos consumidos a 

diario. Drosophila melanogaster es un modelo genético animal utilizado en 
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estudios de envejecimiento puesto que tiene similares vías metabólicas y 

sistemas orgánicos análogos a humanos que controlan la ingesta, 

almacenamiento y metabolismo de alimentos (Anh et al., 2011; Baker and 

Thummel, 2007). Existen estudios previos en los que se ha podido 

demostrar cómo una dieta suplementada con vegetales incrementa la 

expansión de vida en Drosophila melanogaster (Bahadorani and Hilliker, 

2008; Zhang et al., 2014; Zhao et al., 2008). 

Ensayos de inhibición del crecimiento tumoral. Las células tumorales 

crecidas in vitro como líneas inmortales son una excelente herramienta 

para estudiar los mecanismos de citotoxicidad o inhibición del crecimiento 

tumoral. Son ensayos capaces de detectar actividades enzimáticas en 

relación con el estrés oxidativo. Otros procesos celulares que pueden ser 

considerados con estos ensayos de citotoxicidad están relacionados con la 

integridad de los compartimentos celulares, vías de óxido-reducción, vías 

de transducción de señales, inducción de la apoptosis y necrosis, 

interfiriendo con el metabolismo celular normal y la replicación del ADN 

(Andreoli et al., 2003). Existen abundantes referencias sobre los efectos 

beneficiosos de sustancias vegetales que aluden a su protección frente al 

cáncer debido al efecto citotóxico de moléculas antioxidantes presentes en 

ellas, como por ejemplo el limoneno en células de leucemia humana HL60 

(Fernández-Bedmar et al., 2011). 

Ensayos de determinación de la vía de muerte celular (apoptosis o 

necrosis). Un complemento a los ensayos de viabilidad celular consiste en  

detectar si la toxicidad observada es debida a una muerte celular 

programada o apoptosis. Ésta se caracteriza por la activación de caspasas y 
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por cambios morfológicos y bioquímicos celulares (Budihardjo et al., 1999; 

Hengartner, 2000). Estos cambios por lo general implican: contracción 

celular, condensación de la cromatina, formación de cuerpos apoptóticos y 

fragmentación del ADN (Häcker, 2000). Los ensayos de fragmentación del 

ADN en geles convencionales de agarosa para detectar el efecto 

proapoptótico de una substancia implican la aparición de un patrón 

característico de bandas cuyos fragmentos de moléculas de ADN 

internucleosómico son de 180-200 pb o múltiplos de éstos (Fernández-

Bedmar et al., 2011). Las roturas de doble y simple cadena de ADN se 

pueden detectar no bioquímicamente sino con técnicas citogenéticas, 

pudiendo determinarse el nivel de daño genético ejercido incluso en una 

célula individual. Estos ensayos denominados del cometa (por la estela de 

ADN que se visualiza en electroforesis de células individuales tratadas) 

complementan la información de fragmentación internucleosomal para 

determinar la posible vía apoptótica (Olive and Banáth, 2006). 

Ensayos de Biomonitorización del status de metilación global del ADN. 

Estudios realizados con gemelos monocigóticos han podido evidenciar 

cómo los factores ambientales (tabaco, actividad física y dieta entre otros), 

influyen en la modulación de marcas epigenéticas (Fraga et al., 2005). 

Debido a que los procesos epigenéticos son dinámicos, reversibles y 

susceptibles a factores exógenos, éstos  ofrecen la oportunidad de 

quimioprevención o intervención a través de la dieta por vía epigenética 

(Chen and Xu, 2010). Además estudios preclínicos y clínicos sugieren que 

parte de los efectos preventivos del cáncer están asociados con alimentos 

bioactivos relacionados con patrones de metilación del ADN (Davis and 
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Uthus, 2004). 
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El hombre ha podido colonizar la Tierra gracias a la aparición de la 

agricultura. Todo ello a través de técnicas de cultivo que le ha permitido 

obtener de forma controlada vegetales y a su vez optimizar la producción y 

calidad de los mismos. El posterior desarrollo del comercio ha dado lugar a 

un empuje al crecimiento económico de los países. Por ello, la agricultura 

se considera una de las actividades económicas, sociales y ambientales más 

esenciales del ser humano. 

En la actualidad, la sociedad tiene como reto el uso de la agricultura no 

sólo para alimentar a la humanidad sino para vivir más y mejor. En este 

sentido nos basaremos en el paradigma de la dieta mediterránea para 

intentar detectar sustancias presentes en la misma y que tengan un valor 

añadido al simple nutricional. De esta manera, podremos aprovechar los 

alimentos mejorados no sólo para producir más sino para conseguir en los 

mismos una  calidad y propiedades saludables que nos puedan ofrecer 

entre otras cosas una mayor longevidad y ciertos niveles de protección 

frente al cáncer. Concretamente nos interesaremos en productos de origen 

vegetal no procesados, por lo que excluiremos del estudio aquellos 

productos procesados entre los que se encuentran el aceite, el vino y el 

pan. 

En base a los criterios anteriormente mencionados, esta tesis aborda la 

detección de sustancias que puedan ser caracterizadas como nutracéuticas 

o alimentos funcionales a través del estudio de propiedades saludables de 

los mismos. Para ello, como cuerpo de la tesis se han seleccionado: los 

cítricos más característicos (naranja y limón) y las verduras que forman 

parte de la base de los platos típicos mediterráneos (tomate, cebolla, ajo y 
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pimiento). Para poder identificar las moléculas responsables de la actividad 

biológica de estos alimentos, se estudiarán así mismo las más distintivas 

contenidas en ellos. 
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Objetivo general: estudiar la modulación de mecanismos genotóxicos y no 

genotóxicos implicados en procesos degenerativos por componentes no 

procesados de la dieta mediterránea y sus correspondientes compuestos 

activos, utilizando para ello sistemas experimentales modelo de diferente 

objetivo y nivel de complejidad. 

Objetivos específicos: 

(i) Estudiar los mecanismos de modulación de la genotoxicidad 

/antigenotoxicidad de las mezclas complejas así como sus sustancias 

simples más representativas. 

(ii) Estudiar la incidencia de las mezclas complejas y sustancias simples 

sobre parámetros de longevidad. 

(iii) Estudiar los mecanismos de inhibición del crecimiento tumoral  in 

vitro de tales mezclas complejas y sustancias simples (viabilidad celular e 

inducción de la apoptosis). 

(iv) Evaluar la modulación de marcas epigenéticas en amplias regiones 

genómicas por la acción de sustancias candidato de elección contenidas en 

la dieta mediterránea.  

(v) Estudiar el potencial anticarcinogénico de una molécula de elección 

entre aquellas que indiquen un mayor potencial nutracéutico 

Los objetivos del presente trabajo se han conseguido aplicando el siguiente 

diseño experimental general: 
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i. Sustancias seleccionadas: Se ha seleccionado un grupo de alimentos 

no procesados de uso mundial, que constituyen el cuerpo central de la 

cocina mediterránea: sustancias complejas (Capsicum anuum, Allium 

sativum, Allium cepa, Lycopersicum esculentum, Citrus sinensis, Citrus 

limonium) y moléculas contenidas en las anteriores (capsaicina, capsantina, 

luteína, DADS, DPDS, licopeno, limoneno y hesperidina). Se han utilizado 

controles negativos como el agua y como control positivo el peróxido de 

hidrógeno ya que es un modelo de toxina de tipo oxidativo. 

ii. Ensayos de geno/antigenotoxicidad en el sistema eucariótico 

SMART. Se determinará la inocuidad a nivel de daño genético de las 

moléculas seleccionadas en discos imaginales alares de Drosophila en 

proliferación y además se desarrollarán ensayos de antigenotoxicidad de 

las que resulten no genotóxicas frente a potentes genotoxinas de tipo 

oxidante. 

iii. Ensayos de longevidad en el sistema eucariótico modelo de 

Drosophila. Se llevarán a cabo según el método modificado por el grupo de 

investigación en que se incluye el proyecto de Tesis. Los ensayos de 

longevidad se llevarán a cabo con las mismas larvas transheterocigotas de 

72 horas utilizadas en el ensayo SMART con el fin de poder hacer una 

comparación entre los resultados obtenidos en ambos ensayos. Las larvas 

de 72 ± 12 horas serán separadas en grupos de 100 individuos y el medio 

será suplementado con las diferentes concentraciones de las sustancias a 

ensayar. Los adultos emergentes serán anestesiados con CO2 y separados 

en grupos de 10 individuos en viales de longevidad. Se monitorizará toda la 

expansión de la vida de cada individuo para cada control y concentración 
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establecida para finalmente hacer una estimación de las curvas de 

supervivencia.  

iv. Ensayos de citotoxicidad en la línea modelo de leucemia humana 

HL60. Las curvas de inhibición del crecimiento tumoral se obtendrán 

mediante el método de exclusión del azul tripán midiendo la supervivencia 

a las 72 h en condiciones estándar de HR (80%) y CO2 (5%) de los cultivos 

celulares tratados con diferentes concentraciones de las sustancias 

seleccionadas.  

v. Determinación del nivel de inducción de apoptosis en la línea 

tumoral HL60. Para explicar los mecanismos de los efectos citotóxicos se 

estudiará la actividad proapoptótica. Se determinará la capacidad de 

fragmentación del ADN visualizando unidades de 180-200 pb en geles de 

agarosa a partir de extracciones de ADN genómico. Además se llevará a 

cabo el ensayo del cometa, que corroborará a nivel unicelular este proceso 

apoptótico. Para ello, las células HL60 serán tratadas durante 5 horas (al 

igual que en los ensayos de fragmentación de ADN), con las diferentes 

concentraciones seleccionadas. Tras el tratamiento sufrirán un proceso de 

lisado,  alcalinización y neutralización. Tras dichos procesos el ADN celular 

es teñido con yoduro de propidio, y las células se visualizarán en un 

microscopio de fluorescencia, midiendo el parámetro Tail Moment (cuyos 

valores indicarán necrosis o apoptosis). 

vi. Modulación de la metilación en sistemas modelo de células 

tumorales. Se diseñará una experiencia piloto de tratamientos con una 

molécula candidata y se monitorizará in vitro el nivel de metilación 
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alcanzado en amplias zonas genómicas de ADN repetitivo usando el 

método de modificación con bisulfito sódico y PCR específica de cadena. 

vii. Ensayo de inhibición de los efectos de una carcinogénesis inducida 

utilizando una molécula de elección entre aquellas con potencial 

nutracéutico.  
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ABSTRACT 

World-wide breakfast beverages content high quantities of Citrus juices. 

The purpose of the present research is to assess the nutraceutical value of 

orange and lemon juices as well as two of their active compounds: 

hesperidin and limonene. Indicator assays were performed at three levels 

to evaluate different biological health promoter activities: (i) determination 

of the safety and DNA-damage protecting ability against free radicals by 

using the Somatic Mutations and Recombinations Test of Drosophila 

melanogaster; (ii) study of the modulating role for life span in Drosophila 

melanogaster and (iii) measurement of the cytotoxic activity against the 

human tumour cell line HL60. The highest concentrations assayed for 

lemon juice and limonene (50 % v/v and 0.73 mM respectively) showed 

genotoxic activity inducing somatic recombinations. Orange and lemon 

juices as well as hesperidin and limonene exhibit antigenotoxic activity 

against hydrogen peroxide used as an oxidative genotoxine. Life span 

experiments revealed that the lower concentrations of the orange juice, 

hesperidin and limonene exerted a positive incidence on the health span of 

Drosophila when measured as the survival at the highest percentiles. 

Finally all the substances showed cytotoxic activity, being hesperidin the 

less active. Taking into account the safety, antigenotoxicity, longevity and 

cytotoxicity data obtained in the different assays, the orange juice can be a 

candidate as a nutraceutical food because it is not genotoxic, is able to 

protect DNA against free radicals and inhibits the tumour cell growing. 

Key words: Genotoxicity, Antigenotoxicity, Cytotoxicity, Longevity, Citrus, 

hesperidin, limonene 
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INTRODUCTION 

Inappropriate dietetic habits are estimated to be the cause of more than 

one third of cancer deaths. Many of these cancers could be avoided with 

an increased consumption of fruits and vegetables as hundred of 

epidemiological data suggest (Smith-Warner et al., 2006). Plant-based 

foods provide the organism with high content in antioxidants that could 

help to protect cells from the biological damage caused by free radicals 

that can trigger cancer development (Reddy et al., 2003). More precisely, 

fruit consumption has been associated to reduced risk of cancer of the 

upper digestive tract, stomach and urinary tract ((Vecchia and Bosetti, 

2006).  

Orange (OJ) and lemon (LJ) juices contain a number of benefit 

micronutrients (phenols, vitamin C, minerals, dietetic fibre, essential oils 

and carotenoids) that help to prevent degenerative processes such as 

diabetes, cardiovascular diseases or certain types of cancer (da Silva, 2005; 

González-Molina et al., 2010). The major flavonoid in sweet oranges and 

lemon is hesperidin (Garg et al., 2001; Gattuso et al., 2007) that is 

hydrolyzed by gut microflora into aglycone form (hesperetin) (Vallejo et al., 

2010). Hesperidin is used in treatments against hair fragility due to its 

ability to reduce the permeability of the vascular endothelium. This phenol 

exhibits antioxidative activity via antiradical and anti-lipoperoxidation 

activities (Tripoli et al., 2007). It also exerts anti-inflammatory activity 

because it inhibits the LOX, COX and phospholipase A enzymes (Benavente-

García et al., 1997) and modulates the glucose, cholesterol and fatty acid 

metabolisms (Jung et al., 2004; Jung et al., 2006). Hesperidin prevents bone 
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mass loss (Chiba et al., 2003) and can inhibit chemically induced breast 

cancer (So et al., 1996), bladder cancer (Yang et al., 1997), and colon 

cancer (Miyagi et al., 2000; Tanaka et al., 1997a; Tanaka et al., 1997b) in 

animal models. The distinctive flavour component in OJs and LJs is 

limonene. This monocyclic terpene is the major component in the Citrus 

essential oils (Crowell, 1999; González-Molina et al., 2010), used as flavour 

in cosmetic, beverages, foods and gums. Although mutagenicity assays 

showed negative results in Salmonella (Program, 1990) and in rats (Turner 

et al., 2001) it is considered as a non-genotoxic carcinogen (Tennant and 

Ashby, 1991). Some others animal experiments allow to conclude that 

limonene could be interesting in chemoprevention because it inhibits the 

tumour growing and the metastasis via apoptosis (Lu et al., 2004). 

Fresh home-made Citrus juices are one of the most popular fruit beverages 

as member of so called healthy breakfasts. Therefore, it is necessary to 

evaluate the nutraceutical potency of a chronically consumed food through 

the entire life of people. Among others, several testing steps should be 

accomplished for a food to be health promoter: (i) the safety with respect 

to genetic damage; (ii) the potential protective role of DNA integrity; (iii) 

the influence on life span extension as a complex biological trait and (iv) 

the specific cytotoxic activity against transformed cells as chemopreventive 

agent. 

The Somatic Mutation and Recombination Test (SMART) has been used in 

the present paper to detect mutagenic and recombinagenic activity in the 

clone expansion of imaginal discs of Drosophila melanogaster larvae. This 

wing spot test has been proved to be a versatile and reliable system to test 
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genotoxicity and antigenotoxicity of single compounds as well as complex 

mixtures due to the capabilities of treated larvae to bio-activate 

metabolites (Anter et al., 2010; Graf et al., 1994). The ability of LJ, OJ as 

well as two of their major components (hesperidin and limonene) to inhibit 

the mutagenicity induced by a model oxidative genotoxine such as 

hydrogen peroxide was studied. H2O2 causes oxidative damage on DNA by 

producing adducts, such as 8-hydroxy-guanine, which exert an important 

role in the mutagenesis process with an increase of induced transitions 

(Lim and Lim, 2006). Hydrogen peroxide induces also a deregulation of 

methylation patterns of oncogenes (Cerda and Weitzman, 1997) and the 

inhibition of DNA repair enzymes (Hu et al., 1995). 

The expected health promoting properties of LJ, OJ and its distinctive 

compounds could extend the longevity in Drosophila melanogaster. The 

Life span of this insect is relatively short and the adults seem to show many 

of the cell senescence features as in mammals (Fleming et al., 1992). For 

that main reasons the fruit fly has extensively used in the study of 

physiological, pathological and other processes involved in life expectance, 

as well as to understand the relationships between food metabolism and 

ageing (Li et al., 2010). Average life span data of Drosophila melanogaster 

vary widely and are strongly dependent on the rearing conditions (Li et al., 

2008; Mockett and Sohal, 2006; Trotta et al., 2006). 

Cytotoxicity bioassays in Vitro are also needed in the assessment of the 

chemopreventive effects of a substance as a fast, not expensive and 

informative first step of screening. The human cell line HL60 provides a 

reliable model to study the cytotoxic effect of chemopreventive substances 
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and the mechanisms underlying this potential activity (Villatoro-Pulido et 

al., 2009). Once the cytotoxic activity of a nutraceutic is assayed, a visible 

test of DNA fragmentation was carried out in order to investigate whether 

the mechanism undergoing the cytotoxicity is mediated via apoptosis. 

METHODS 

Fruits and single compounds 

Juices from two Citrus species and two single compounds were selected. 

Oranges (Citrus sinensis var. Valencia Late) and lemons (Citrus limon var. 

Lunario) were obtained in a local market. Hesperidin and limonene as 

single compounds contained in the fruits were purchased from Sigma and 

Fluka (H5254 and 62118 respectively).  

Preparation of the samples 

Fruits were washed with ethanol (70%) prior to the elaboration of the 

juice. Both OJ and LJ were prepared using a domestic manual squeezer. 

Fresh juices from ten fruits were mixed, aliquoted and stored at -80ºC until 

utilisation. In the case of cytotoxicity assays juices were centrifuged for 1 

min. at 13000 rpm and the supernatant was stored at -80º. Limonene was 

dissolved in ethanol. 

Genotoxicity and antigenotoxicity assays (SMART) 

Drosophila melanogaster strains 

Two Drosophila Strains were used, each with a hair marker in the third 

chromosome:  
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• mwh/mwh, carrying the recessive mutation mwh (multiple wing 

hairs) that produces multiple tricomas per cell (Yan et al., 2008). 

• flr3/In (3LR) TM3, ri pp sep bx34e es BdS, where the flr3 (flare) 

marker is a homozygous recessive lethal mutation that produces deformed 

tricomas but it is viable in homozygous somatic cells once larvae start the 

development (Ren et al., 2007). See Lindsley and Zimm (2012)  for more 

detailed information on the rest of the genetic markers.  

Flies are maintained at 25ºC, 80% humidity, in a home-made meal (1000mL 

water, 0.5 g NaCl, 100 g yeast, 25 g sucrose, 12 g agar-agar, 5 ml propionic 

acid, 3.5 mL of a 0.2% sulphate streptomycin solution) and with three 

changes per week. 

Treatments 

The genotoxicity assays were carried out following the method described 

by Graf et al. (1984). Briefly, transheterozygous larvae for mwh and flr3 

genes were obtained crossing 200 optimally virgin females (4 days old) of 

flr3 strain with 100 males of mwh strain. Four days after fertilisation, 

females were allowed to lay eggs in fresh yeast medium for 8 hours in 

order to obtain synchronized larvae. After 72±4 hours larvae were washed 

with distilled water and groups of 100 individuals were placed in the 

different treatments vials where a chronic treatment was followed until 

pupation. Treatment vials contained 0.85 g of Drosophila Instant Medium 

(Formula 4-24, Carolina Biological Supply, Burlington, NC) and 4 mL of 

different concentrations of the substance to be tested. Two concentrations 

of each Citrus juice were assayed (0.75 %v/v and 50 %v/v) as well as of 
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hesperidin and limonene (0.0038 and 0.34 mM, 0.011 and 0.73 mM 

respectively). Single compounds concentrations correspond to their 

content in the fresh juices (Gattuso et al., 2007; Selli et al., 2004). The 

negative controls were prepared with medium and water and positive 

controls with medium and 0.15 M hydrogen peroxide (Sigma, H1009) as 

oxidative genotoxicant (Anter et al., 2010). 

The antigenotoxicity tests were performed following the method described 

by Graf et al. (1998) which consisted of combined treatments of the 

genotoxine (0.15 M hydrogen peroxide) and the different concentrations of 

the juices/single compounds assayed. After emergence adult flies were 

stored in 70 % ethanol. 

Mutations scoring 

Forty transheterozygous marker wings (mwh flr+/mwh+ flr3) of each 

control and concentration were mounted on slides using Faure’s solution 

and scored under a photonic microscope at 400x magnification. Similar 

number of males and females-wings were mounted and wing hair 

mutations were scored among a total of 24.400 monotricoma wild-type 

cells per wing (Moraga and Graf, 1989). In the balancer-heterozygous 

genotypes (mwh/TM3, BdS), mwh spots phenotypes are produced 

predominantly by somatic point mutation and chromosome aberrations, 

since mitotic recombination between the balancer chromosome and its 

structurally normal homologue is a lethal event. To quantify the 

recombinagenic potency of the positive control, the frequency of mwh 

clones on the marker transhetorozygous wings (mwh single spots plus twin 
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spots) is compared with the frequency of mwh spots on the balancer 

transheterozygous wings. The difference in mwh clone frequency is a direct 

measure of the proportion of recombination (Frei et al., 1992). In the case 

of genotoxic results for single treatments, balancer wings (mwh/Bds) were 

also mounted in order to quantify the somatic recombinogenic activity (R) 

of the substance(Zordan et al., 1991) by the following formula: 

R = (1 - mwh spots on the balancer wings/ mwh spots on the marker 

wings) X 100 

Data evaluation and statistical analysis 

Wing hair spots were grouped into three different categories: S, a small 

single spot corresponding to one or two cells exhibiting the mwh 

phenotype; L, a large single spot with three or more cells showing mwh or 

flr3 phenotypes; T, a twin spot corresponding to two juxtaposing clones, 

one showing the mwh phenotype and other the flr3 phenotype. Small and 

large spots can be originated by somatic point mutation, chromosome 

aberration as well as somatic recombination while twin spots are produced 

exclusively by somatic recombination between the flr3 locus and the 

centromere. The total number of spots was also evaluated.  

A multi-decision procedure was applied to determine whether a result is 

positive, inconclusive or negative (Frei and Würgler, 1988; Frei and 

Würgler, 1995). The frequencies of each type of mutant clone per wing 

were compared to the concurrent negative control and the significance 

was given at the 5 % level. All inconclusive and positive results were 
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analyzed with the non-parametric U-test of Mann, Whitney and Wilcoxon 

(α=β=0.05, one sided).  

In combined treatments the inhibition of mutagenic events for juices and 

single compounds was calculated for total spots as proposed by Abraham 

(1994) by means of the following formula:  

Inhibition = (genotoxine alone - sample plus genotoxine) x 

100/genotoxine alone 

Lifespan assays 

Drosophila melanogaster strains 

Animals who undergo the longevity experiments exhibited the same 

genotype as in genotoxicity assays in order to compare genotoxicity and 

longevity results. The F1 progeny from mwh and flr3 parental strains 

produced by an egg lying of 24 hours in yeast was used. Longevity 

experiments were carried out at 25ºC and following the procedure of 

Chavous et al. (2001). Briefly, synchronized transheterozygous larvae of 

72±12 hours old were washed and separated into groups of 100 individuals 

in vials with a mixture of Instant Medium and 4mL of the different 

concentrations of the four substances selected. Emerging adults were 

collected, anesthetized under CO2 and placed in 1mL longevity vials in 

groups of 10 individuals. Three replicates were used during the complete 

live extension for each control and concentration established. The survivals 

were counted and the medium renewed twice a week.  

Statistical analysis of life span  
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The Kaplan–Meier estimates of the survival function for each control and 

concentration are plotted as survival curves. The statistical analyses and 

signification of the curves were assessed by the SPSS 15.0 statistics 

software (SPSS Inc. Headquarters, Chicago, IL, USA) using the Log-Rank 

(Mantel-Cox) method.  

Cytotoxicity assays 

Cell culture 

The promyelocytic leukaemia cell line HL60 was used to assess the 

cytototoxic effects of juices and phenols. Cells were cultured in RPMI 1640 

medium (Biowhittaker, BE12-167F), supplemented with 10% heat-

inactivated bovine serum (Biowhittaker, DE14-801F), 200mM L-Glutamine 

(Sigma, G7513) and an antibiotic-antimycotic solution with 10000 units of 

penicillin, 10 mg of streptomycin and 25 μg amphotericin B per mL (Sigma, 

A5955). Cells were incubated at 37 °C in a humidified atmosphere of 95% 

air and 5% CO2. The cultures were plated at a density of 25 x 104cells/ml in 

40 ml culture bottles (25 cm2) and passed every two days. 

Assessment of cell viability  

HL60 cells were placed in 12 well culture plates (1 x 105cells/ml) and 

treated for 72 h with different concentrations of OJ, LJ, hesperidin and 

limonene. The cell viability was assessed utilizing the trypan blue exclusion 

method. Trypan blue is a vital dye, and its reactivity is based on the fact 

that the chromophore is negatively charged and does not interact with the 

cell unless the membrane is damaged. Therefore, all the cells that exclude 

the dye are viable. Trypan blue (Fluka, 93595) was added to the cell culture 
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with a volume ratio of 1:1. The number of living cells was counted using a 

hemocytometer under an inverted microscope (Motic, AE30/31) at 100 X 

magnifications. Each experiment was repeated in triplicate, growth curves 

were established and IC50 values were estimated. Curves are plotted as 

survival percentage with respect to the control growing at 72 h. 

Analysis of DNA fragmentation  

In order to detect DNA fragmentation in cells entering apoptosis, HL60 cells 

(1.5x106/ml) were treated with different concentrations of the substances 

for 5 h. Treated cells were collected, centrifuged at 4000 rpm for 5 min. 

and washed with PBS. DNA was extracted using a commercial DNA 

extraction kit (Dominion mbl, 243), and treated with RNase before loading. 

A final amount of 1500 ng DNA was subjected to a 2% agarose 

gelelectrophoresis (50V for 2 h) and stained with ethidium bromide. 

RESULTS 

Genotoxicity and Antigenotoxicity testing of Citrus juices and component 

The SMART assay was used to asses the health promoting properties of 

Citrus species and its distinctive compounds. Table 1 shows the results for 

genotoxicity testing of the four substances assayed in the SMART. All the 

substances are non-mutagenic at the lowest concentration of the assayed 

rank. This lower concentration was chosen taking into account the daily 

food intake for a Drosophila larva and giving a similar juice intake to a 

human consumption of 250mL/day. Nevertheless lemon juice and 

limonene are mutagenic (0.325 spots/wing) in the SMART at the highest 

assayed concentration (50%v/v and 0.73mM respectively). In order to 
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evaluate the recombinogenic potency of mutagenic concentrations, we 

looked at additional information on the spots per wing scored in balancer-

heterozygous wings where mwh clones reflect only somatic point 

mutations and chromosome aberrations, since somatic recombination is a 

lethal event. Values of recombinogenicity with respect to the total induced 

clones were 77 and 62.5% for lemon juice and limonene respectively. 

 

Table 1. Genotoxicity of Lemon and Orange Juices, hesperidin and 
limonene in the Drosophila wing spot test. 
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Compounds N Small spots  
(1-2 cells) 

Large spots  
(˃2 cells) 

Twin spots Total spots 

 
H2O 40 0.15 (6)

a 
0 0 0.15 (6) 

Lemon Juice  
(% v/v) 
0.75 40 0.27 (11) ns 0 0 0.27 (11)ns 

 50 40 0.3 (12)ns 0 0.02 (1)ns 0.32 (13)* 

50 Serrate 40 0.07 (3) 0 0 0.07 (3) 

Orange Juice 
(% v/v) 
0.75 40 0.22 (9)ns 0 0 0.22 (9)ns 

50 40 0.15 (6)ns 0.02 (1)ns 0 0.17 (7)ns 

Hesperidin  
(mM) 
0.0038 40 0.27 (11)ns 0 0 0.27 (11)ns 

0.24 40 0.15 (6)ns 0 0 0.15 (6)ns 

Limonene 
(mM) 

     

0.011 40 0.27 (11)ns 0 0 0.27 (11)ns 

0.73 26 0.3 (12)ns 0.02 (1)ns 0 0.32 (13)* 

0.73 Serrate 40 0.12 (5) 0 0 0.12 (5)ns 

a: number of spots per wing, N: number of wings; ns: non-significant (p˃.005), *: Statistically 
significant compared with the control (p≤0.05) . The data were evaluated by the non-
parametric U test of Mann, Whitney and Wilcoxon according to Frei and Würgler (1995). 
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Table 2. Antigenotoxicity of Lemon and Orange Juices, 
hesperidin and limonene in the Drosophila wing spot test. 

 

Compounds N Small spots  
(1-2 cells) 

Large spots  
(˃2 cells) 

Twin spots Total spots IP 

Controls  

Negative (H2O) 40 0.15 (6)
a 

0 0 0.15 (6)  

Positive (H2O2) 40 0.4 (16)* 0.02 (1)ns 0.02 (1)ns 0.45 (18)*  

Lemon Juice  
(% v/v)  
0.75 40 0.32 (13) ns 0 0.02 (1)ns 0.35 (14)ns 22.2 

 50 40 0.4 (16)* 0 0 0.4 (16)* 11.1 

Orange Juice  
(% v/v)  
0.75 40 0.25 (10)ns 0 0 0.25 (10)ns 44.4 

50 40 0.1 (4)ns 0.12 (5)ns 0 0.22 (9)ns 50.0 

Hesperidin  
(mM)  
0.0038 40 0.17 (7)ns 0.02 (1)ns 0 0.2 (8)ns 55.5 

0.24 40 0.3 (12)ns 0 0 0.3 (12)ns 27.8 

Limonene 
(mM) 

      

0.011 40 0.2 (8)ns 0 0 0.2 (8)ns 55.5 

0.73  40 0.07 (3)ns 0.02 (1)ns 0.02 (1)ns 0.12 (5)ns 72.2 

a: number of spots per wing, N: number of wings; ns: non-significant (p˃.005), *: 
Statistically significant compared with the control (p≤0.05).   IP: inhibition percentage. 
The data were evaluated by the non-parametric U test of Mann, Whitney and Wilcoxon 
according to Frei and Würgler (1995). 
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Table 2 shows the results for antigenotoxicity assays performed in the 

combined treatments where larvae are fed chronically with the 

genotoxicant hydrogen peroxide (0.15 M) and the different concentrations 

of the Citrus juices or components. Hydrogen peroxide is a well-known 

mutagen in D. melanogaster and has been used to induce microsatellite 

instability in mismatch repair mutants (López et al., 2002). The genotoxine 

hydrogen peroxide exhibited a mutation rate of 0.45 spots/wing. This 

result is in agreement with others obtained using the same genetic 

background (Anter et al., 2010; Villatoro-Pulido et al., 2009). The 

antigenotoxic potency of the four substances studied against hydrogen 

peroxide showed no clear-cut dose-response effect. Average values for the 

inhibition percentage of the genotoxicity of hydrogen peroxide were: 16.5, 

41.6, 47 and 64 % for LJ, hesperidin, OJ and limonene respectively. 

Longevity assays 

Figure 1 shows the survival curves obtained by the Kaplan-Meier method 

for Drosophila melanogaster under chronic treatments with different 

concentrations of LJ, OJ, hesperidin and limonene and the respective water 

controls. The entire life span curves were analyzed statistically by the 

method Log-Rank (Mantel-Cox) (data not shown). For controls, average and 

maximum of entire life span values were 99.2 and 123 days respectively. 

Log-Rank (Mantel-Cox) analyses for complete life span have shown no 

significant differences between treatment curves and control for orange 

juice. In the case of lemon juice, higher concentrations (3, 12.5 and 50%  
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Figure 1. Survival curves of Drosophila melanogaster fed with different 
concentrations of lemon and orange Juices, hesperidin and limonene over 
time. 
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v/v) curves were statistically different to the water-control and the lower 

concentration (0.75% v/v) ones with a decrease of life span. Hesperidin 

curves at 0.15 and 0.06 Mm were also statistically lower than the water 

control and the lowest concentration (0.0038mM) curves. Finally, 0.0111 

and 0.18 mM limonene supplementation significantly increased the 

average life span compared to control flies fed with normal food. 

In vitro Human Leukaemia cytotoxicity assays 

A wide rank of concentrations was used for every substance (0.625-2.5%, 

0.75-20%, 0.37-25mM and 0.035-2.34mM, for LJ, OJ, hesperidin and 

limonene respectively). The Figure 2 shows the relative tumour growth 

inhibition for the substances assayed. Lemon juice presented an IC50 

(1.4%) lower than orange juice (4.4%). The dose-response curves were 

different for the two juices exhibiting lemon juice a wide plateau for the 

lower concentrations. Hesperidin and limonene exerted cytotoxic effect on 

HL60 cells although the IC50 for limonene (0.2 mM) is lower than that of 

hesperidin (14 mM).  

Figure 3 shows the electrophoresis of the genomic integrity in HL60 cells 

treated for 5 hours with different concentrations of the substances. DNA 

nucleosomal fragmentation was observed in median-highest 

concentrations of lemon juice (0.8, 1.2 1.4, 1.6, 1.8, and 2 % v/v) and in the 

three highest concentrations of limonene (0.6, 1.2 and 2.35 mM). This 

characteristic laddering of apoptotic activity was not observed in orange 

juice and hesperidin samples. 
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Figure 2. Cytotoxicity of lemon and orange juices, hesperidin and 
limonene on HL60 cells. 
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Figure 3. DNA fragmentation induced in HL60 cells by lemon and orange 
juices (A,B), hesperidin (C) and limonene (D). HL60 human leukemia cells 
were exposed for 5 h to different concentrations of tested compounds. 
DNA was extracted from cells and subsequently subject to 2% agarose gel 
electrophoresis at 50 V for 90 min.  
 

 
 
Lemon Juice (A): marker (lane M); control (lane C); 0.62 % v/v (lane 1); 0.8 % v/v (lane 2); 1.2 % v/v 
(lane 3); 1.4 % v/v (lane 4); 1.6% v/v (lane 5); 1.8 % v/v (lane 6); 2 % v/v (lane 7). Orange Juice (B): 
marker (lane M); control (lane C); 0.62 % v/v (lane 1); 1.25 % v/v (lane 2); 2.5 % v/v (lane 3); 5 % v/v 
(lane 4); 10 % v/v (lane 5); 20 % v/v (lane 6). Hesperidin (C): marker (lane M); control (lane C); 0.39 
mM (lane 1); 0.78 mM (lane 2); 1.52 mM (lane 3); 3.12 mM (lane 4); 6.25 mM (lane 5); 12.5 mM 
(lane 6); 25 mM (lane 7). Limonene (D): marker (lane M); control (lane C); 0.037 mM (lane 1); 0.075 
mM (lane 2); 0.15 mM (lane 3); 0.3 mM (lane 4); 0.6 mM (lane 5); 1.2 mM (lane 6); 2.35 mM (lane 7).
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DISCUSSION AND CONCLUSIONS 

The results in the wing spot test for orange juice gave non-significant 

values at the assayed concentrations when compared to the water control. 

Mutagenicity of orange juices has been found only in the Ames Salmonella 

test using the TA97 and TA98 strains with and without metabolic activation 

(Franke et al., 2004). Contrarily, when the Swiss Webster mice eukaryotic 

model was used to carry out the comet assay in peripheral white blood 

cells, the orange juice was non-genotoxic (Franke et al., 2005). Being 

Drosophila a eukaryotic model, our results in the wing spot test are in 

agreement with those of the comet assay in mice. Lemon juice has been 

tested in the wing spot test of Drosophila and resulted genotoxic inducing 

recombinogenic activity at the higher concentration (50% v/v); our 

research give the first result available with respect to the genetic safety of 

lemon juice. Hesperidin was non-genotoxic in the somatic mutations and 

recombinations assay of Drosophila melanogaster and our results agree 

with the lack of genotoxicity detected in the Salmonella TA98 assay with or 

without metabolic activation by Van der Merwe et al. (2006). Limonene is 

not mutagenic in the Ames system using four strains of Salmonella 

typhimurium (TA98, TA100, TA1535 and TA1537) (Program, 1990). 

Nevertheless our results indicated genotoxic activity for limonene at the 

higher assayed concentration in the Drosophila wing spot test. Our data 

showed that limonene could cause oxidative stress and ROS generation 

acting as a pro-oxidant at the highest concentration. This finding agrees 

with the results in eukaryotic cells that suggest that limonene could act as a 

pro-oxidant agent depending on the assayed concentration (Bakkali et al., 
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2008). Genotoxicity results of the Citrus juices and component assayed 

suggested that the limonene content of lemon juice could be responsible 

for the recombinagenic activity observed in the highest concentration of 

lemon juice. The differential content of limonene in LJ and OJ (86 and 17 

mg/L) given by Maccarone et al. (1998) would reflect such an association 

between genotoxicity of lemon juice and limonene at the higher 

concentration and the lack of genotoxicity of orange juice. 

Our antigenotoxicity data for orange juice obtained in Drosophila against 

the oxidative genotoxine H2O2 (47% average inhibition percentage) are in 

agreement with those obtained by da Silva (2005) who demonstrated that 

orange juice could inhibit the DNA damage produced by alkylating agents 

in carrying the comet assay in mice. Higashimoto et al. (1998) founded a 

36% mutagenicity-reducing activity of lemon juice against nitrite-treated 

MTCCA using the TA100 strain of Salmonella typhimurium; our results for 

lemon juice are also in agreement with the AMES test showing an average 

of the inhibition percentage of 16.5%. The different antigenotoxic 

potencies of the OJ and LJ could be related to the differential content in 

antioxidants. It is known that the antioxidant potency of Citrus is due to the 

ascorbic acid and phenolic contents (Gardner et al., 2000) and that orange 

juice contains higher β-carotene equivalents, ascorbic acid and total 

phenolics than lemon juice (Xu et al., 2008). 

The inhibition ability of hesperidin against the genotoxic effects of 

hydrogen peroxide in the imaginal discs of Drosophila was higher at the 

lowest concentration (55.5%). Kalpana et al. (2009) found hesperidin 

radioprotective by effectively decreasing micronucleus frequency, dicentric 
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aberrations and comet attributes and related this activity to its ability for 

ROS scavenging. The higher content of hesperidin in orange juice in 

comparison to lemon juice, 58 and 20 mg/100mL respectively (Cano et al., 

2008; Gattuso et al., 2007) would explain the antigenotoxic ability of 

orange juice. Limonene inhibited the genotoxicity of hydrogen peroxide, 

behaving as a reductor agent that would protect cells from the hydrogen 

peroxide oxidative stress (Hernández et al., 2007; Roberto et al., 2010). 

The antiproliferative activity of orange juices has been tested in various 

K562 (human chronic myelogenous leukemia), HL60 (human leukemia) and 

MCF-7 (human breast adenocarcinoma) cell lines showing that a 

concentration of 10%v/v was able to inhibit 73% of HL60 cells growth 

(Camarda et al., 2007), being the correspondent data in our experiments to 

85%. The cytotoxicity of lemon juice against HL60 cells found in the present 

work has also been reported for Caco-2 and HpG2 cell lines (Lim and Lim, 

2006; Sun et al., 2002). The cytotoxicity of hesperidin has been assayed in 

different cell lines (MDA-MB-435 ER-, MCF-7 ER+, DU-145, HT-29, DMS-

114, SK-MEL5) by Manthey and Guthrie (2002) showing no antiproliferative 

activity due to the glysosylation of the molecule moiety. Nevertheless, 

many in vivo researches concluded that hesperidin presents anticancer 

activity in lung, oral, colon and bladder carcinogenesis (Kamaraj et al., 

2009; Tanaka et al., 1997a; Tanaka et al., 1997b; Yang et al., 1997); these 

results are in concordance with the in vitro assays of the present work 

performed in the HL60 cell line. With respect to the cytotoxicity of 

limonene, Tatman and Mo (2002) obtained a similar inhibitory 

concentration to that of the present paper (0.18 and 0.20 mM 
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respectively). In vivo assays for limonene are contradictory: it seems to 

inhibit the appearance of liver and gastric tumours in mice (Lu et al., 2004; 

Parija and Das, 2003) but Turner et al. (2001) showed limonene as chemical 

agent able to induce kidney and bladder tumours in male rats.  

Cleavage of chromosomal DNA into oligonucleosomal size fragments is a 

biochemical hallmark of apoptosis. The results of our study have shown 

fragmentation of DNA upon treatment of HL60 cells with LJ and Limonene 

indicating the involvement of apoptosis. A dose-dependent relationship in 

the treatment with lemon juice at lower concentrations was observed. At 

the two highest doses, it seems that cells are initiating the necrotic 

process, which could explain the absence of the DNA fragmentation. 

Limonene induced a slight DNA fragmentation at 0.6 mM. This effect was 

clearer at highest concentrations (1.2 and 2.35mM) resulting in a dose-

dependent response. This result could be related with an initiation of the 

apoptotic process in the tumoural HL60 cells. Limonene seems to act like a 

pro-apoptotic agent with promising antitumoural properties. Rabi and 

Bishayee (2009) demonstrated the apoptotic effect of limonene in DU-145 

prostate cancer cells but not in normal epithelial prostate PZ-HPV- 7 cells. 

Besides, in human colon cancer cells (SW-480) a DNA fragmentation and 

induction of caspase-3 by lime volatile oils has been shown, which may be 

due to the involvement of apoptosis mechanism (Patil et al., 2009). 

We have compared the survival curves for water control and the rest of 

substances at ≥75% of living flies. The health span significations were as 

follows: Orange juice lower dose treatments of 0.75 and 3.25%v/v 

compared to non-enriched diet water control significantly increased health 
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span (p≤ 0.05); every lemon juice treatments decreased health span when 

compared to water control (p≤ 0.01 in all the cases), as the very low pH of 

lemon juice (2.3) could affect negatively and differentially Drosophila 

adults survival (Mai et al., 2010); the lower concentration of hesperidin 

(0.0038 mM) increased the health span (p≤ 0.05) and the two lowest 

concentrations of limonene (0.011 and 0.046 mM) also improved 

significantly the health span (p≤ 0.05). Taking into account that the 

maximum averages life span for ≤75% survivals are 91, 98, 95, 92, 95, 92  

days for water control and the above mentioned correspondent orange, 

lemon, hesperidin and limonene significant concentrations, a general 

increase trend is observed in both mean and maximum lifespan. That 

means an increase of the health span portion of the life span. Taken 

together, this study uncovers the effects of orange and lemon juices on 

Drosophila melanogaster longevity, which results from a combination of 

antioxidative and prooxidative activities. Given that the fruit fly is an 

import model for studies on human nutrition and pharmacology, the 

results of this work suggest that moderate consumption of orange juice 

and its active and mayor components (hesperidin and limonene) may have 

the potential to strengthen the antioxidant defence system and, 

consequently, to extend their life span and increase the health span. 

However, considering the fact that Citrus juices may also exhibit pro-

oxidant activities toward the mitochondria, life span extension may vary 

depending on genetic and environmental factors (Arking and Conn, 2005). 

The results obtained in the present paper showed different aspects of the 

activity of LJ, OJ as well as hesperidin and limonene. Genotoxicity data 
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advised on the mutagenic activity of lemon juice and limonene at the 

highest concentrations. Antigenotoxicity assays indicated that all the 

genetic safe concentrations are antigenotoxic showing different inhibition 

percentages. All the substances exerted cytotoxic activity although only 

lemon juice and limonene was able to enters the DNA fragmentation as an 

apoptotic way. Finally, as a biological multivariate trait, life span studies 

suggested that the lower concentrations of orange juice, hesperidine and 

limonene increased the health span part of the life span curves. Orange 

juice as a complex mixture and hesperidin and limonene as single 

compounds can be proposed as substances to be studied deeply as 

potential nutraceuticals. 
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ABSTRACT 

The purpose of the present research is to give a nutraceutical focus to the 

use of both worldwide consumed sweet and hot peppers and to contribute 

with a new corpus of data to the knowledge on the beneficial or prejudicial 

effects of some molecules contained in this food such as capsaicin, 

capsanthin and lutein.  

Two in vitro and in vivo models covered several biological targets. The 

Drosophila melanogaster animal model has been used to ascertain (i) the 

safety by measuring the lack of genotoxicity, (ii) the ability to protect 

somatic cells from oxidative genetic damage induced hydrogen peroxide 

(antigenotoxic activity), and (iii) the role on the lifespan extension as an 

index of integral healthy activity. The HL60 human tumoural cell line was 

employed to evaluate the chemopreventive cytotoxic effects and the 

possible proapoptotic activity. 

Results showed that: i) none of the tested substances were genotoxic 

except green hot pepper and capsaicin at the highest concentration 

assayed (5mg/mL and 11.5 µM respectively), ii) all pepper varieties (except 

green hot pepper at the highest concentration assayed i.e. 5 mg/mL), 

capsaicin, capsanthin and lutein are antimutagenic when hydrogen 

peroxide is used as genotoxin, iii) red sweet pepper variety significantly 

extend the lifespan and healthspan of D. melanogaster at the median 

concentration (1.25 and 2.5 mg/mL) and green hot pepper significantly 

reduce the lifespan and healthspan at the highest concentrations (1.5, 2.5 

and 5 mg/mL), iv) all pepper varieties inhibit the HL60 cell growth with a 
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dose-response effect and different IC50 (green sweet pepper: 0.55 mg/mL; 

red sweet pepper: 0.6 mg/mL; green hot pepper: 1.5 mg/mL; red hot 

pepper: 0.3 mg/mL) but capsaicin, capsanthin and lutein weren´t able to 

fully inhibit the tumour growth, and v) all pepper varieties and capsaicin 

exerted proapoptotic effect on HL60 cells. 

Based on the results of the present study, we conclude that: (i) capsanthin, 

lutein and sweet peppers are non-toxic, DNA-safe (non-genotoxic) and 

show an antimutagenic activity against H2O2-DNA damage as an added 

value. (ii) Lutein and sweet peppers significantly extend the lifespan of 

Drosophila melanogaster (iii) Capsanthin, capsaicin and the four pepper 

varieties (pungent and non-pungent) are able to inhibit the in vitro growth 

of leukaemia cells (HL60) at different IC50. Additionally, our results support 

the epidemiological data that positively correlate hot pepper consumption 

and cancer incidence as Green hot peppers and capsaicin induce DNA 

damage (genotoxic) and decrease the lifespan of Drosophila melanogaster. 

Therefore, all in vivo and in vitro assays carried out in the present research 

point out that: (i) sweet peppers could be suggested as nutraceutical food, 

(ii) hot peppers should be moderately consumed, and (iii) supplementary 

studies are necessary to clarify the synergic effect of the carotenoids and 

capsaicinoids in the food matrix of the red hot pepper. 

Keywords: Pepper, capsaicin, carotenoids, genotoxicity, cell viability, DNA-

fragmentation  
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INTRODUCTION 

Many studies are focused on studying healthy diets (Rodriguez-Casado, 

2014). Epidemiological analyses indicate that diet plays a principal role on 

genetic damage prevention and longevity extension, although a principal 

component in longevity  for genes is suggested in mutant genotypes for 

lifespan extension  in model organisms experiences (Guarente and Kenyon, 

2000).  

Capsicum genus fruits are food ingredients and additives widely used 

around the world due to their versatility to be consumed as fresh vegetable 

either in salads, cooked meals or dehydrated for spices at different 

ripening states (green, yellow, orange, red and purple). Its consumption 

has been traditional for hundreds of years in some areas with estimates of 

about 40 g/day per capita dietary intake (de Mejıá et al., 1998). These fruits 

vary in size, pungency, color and shape and they are highly valued for these 

characteristics. Peppers include more than 200 varieties, being two of the 

most representative species: Capsicum annuum and Capsicum frutescens 

(Pino et al., 2007). Medicinal uses of Capsicum sp varies in function of 

ethnicity, species and parts of fruit but in general they have been used as 

anti-fever, anti-hypertensive, in rheumatism treatment, to improve blood 

circulation, muscle pain, asthma, stomach upsets, anticancer, anti-obesity 

and therapy for chilblains, neuralgias and pleurisy (Benítez et al., 2010; Lim, 

2012; Luo et al., 2011; Pieroni and Quave, 2005; Pieroni et al., 2004; 

Srinivasan, 2005). It is well known their antioxidant and nutritive properties 
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due to the content of bioactive phenolic phytochemicals including 

capsaicinoids and carotenoids (Topuz and Ozdemir, 2007), whose 

concentration strongly depends on the ripening state of the fruit (Deepa et 

al., 2007). Studies on the genomic safety effects of pepper fruit as complex 

mixture yield negative results for genotoxicity and positive for 

antigenotoxicity, although in each experience different varieties, assays 

and mutagens have been used (El Hamss et al., 2003; Laohavechvanich et 

al., 2006; Ramirez-Victoria et al., 2001; Sim and Han, 2007; Tsuchiya et al., 

2011). 

Capsaicin (trans-8-methyl-N-vanillyn-6-noneamide; C18H27NO3), is the 

major alkaloid responsible for the mucosal irritant properties of plant 

species from the genus Capsicum (Barceloux, 2009). This alkaloid has been 

used for different clinical applications: neuropathic pain, postherapeutic 

neuralgia, musculoskeletal chronic pain, neurogenic bladder 

hyperreactivity, gastroprotection, post-operative nausea and vomiting, 

pruritus in renal dialysis patients and post-operative sore throat (Hayman 

and Kam, 2008). Capsaicin has been tested as genotoxic or not genotoxic 

compound depending on the animal and cell system assayed (Chanda et 

al., 2004; Marques et al., 2002; Surh and Lee, 1995). Several studies have 

demonstrated its antiproliferative effect and apoptotic induction in 

different cancer cell lines (Gil and Kang, 2008; Kang et al., 2001; Kim et al., 

2004; Maity et al., 2010; Yang et al., 2009). 

Capsanthin is one of the carotenoids present in red pepper fruit; and it  is 

included within the C40  isoprenoids group which have double bounds in the 

central polyenic chain and distinctive end groups (β, ε, κ 3-hydroxy-5,6-
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epoxide) with characteristic positions for each pigment (Topuz and 

Ozdemir, 2007). It  is also one of the key components responsible for the 

red colour in the pepper fruits during its ripening process (Deli et al., 2001; 

Ha et al., 2007) being 7949.48 mg/Kg of dry weight the maximum 

concentration of this carotenoid in peppers (Hornero-Méndez et al., 2002). 

It is known its anticancer activity and preventive effect against 

arteriosclerosis (Maoka et al., 2001; Sun et al., 2005).  

Lutein (C40H56O2) is a yellow plant pigment and is one of the carotenoid 

present in green fruits and vegetables (Hornero-Méndez et al., 2000). The 

concentration of this carotenoid in green pepper is 173 µg per 100 g of 

fresh fruit (Perry et al., 2009). This pigment is located in the macula lutea of 

the human eye (Schalch et al., 2007) and prevents age-related macular 

degeneration (Marse-Perlman et al., 2001) and cataracts (Gale et al., 2001). 

It has been demonstrated that lutein has beneficial biological properties in 

some diseases such as stroke, cardiovascular disease and cancer due to its 

antioxidative, antimutagenic and antiproliferative properties (Holick et al., 

2002; Rafi et al., 2015; Trevithick-Sutton et al., 2006; Wang et al., 2013; 

Wang et al., 2006). 

Capsicum species are one of the most widely consumed vegetables around 

the world. Therefore, the purpose of this study is to determine the 

nutraceutic potential of Capsicum sp. due to its constituents and at the 

same time, provide data in order to clarify the controversy of results 

obtained for capsaicin by different authors. A nutraceutical substance 

should be able to prevent mutations, exert desmutagenic activity, and 

eliminate the transformed cells once a tumour is initiated. Besides these 
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chemopreventive properties, the lifespan extension is one of the most 

desirable effects of an intended nutraceutical. To achieve these objectives, 

five types of assays were performed: genotoxicity, antigenotoxicity and life 

span trials using the Drosophila model (in vivo assays) and cytotoxicity and 

DNA fragmentation assays using HL60 cell line (in vitro assays). 

 MATERIAL AND METHODS 

 Sample preparation of fruits and single compounds 

Four pepper varieties, two sweet and two hot, were selected for the 

present study. The first group (sweet peppers) included red Lamuyo and 

green Italian Capsicum annuum varieties and the second group (hot 

peppers) included red Chili and green Cuernocabra varieties (Capsicum 

frutescens and Capsicum annuum respectively). All the pepper fruits were 

purchased in a local market, thoroughly washed with tap water and rinsed 

with distilled water. Finally, samples were freeze-dried at –80 ºC for 3 days, 

pulverized with a mortar pestle and lyophilized. The single compounds 

capsaicin and lutein were purchased from Fluka (Cat. Numbers 21748 and 

95507 respectively) and capsanthin was purchased from Extrasynthèse 

(Cat. number 0312S), solved in ethanol and filtered before use.  

 Genotoxicity and Antigenotoxicity assays 

Drosophila melanogaster strains 

Two Drosophila strains were used, each with a hair marker in the 

chromosome III:  

• mwh/mwh, carrying the recessive mutation mwh (multiple wing 

hairs) that produces multiple tricomas per cell (Yan et al., 2008). 
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• flr3/TM3, BdS, where the flr3 (flare) marker is a homozygous 

recessive lethal mutation that produces deformed tricomas because it is 

viable in homozygous somatic cells once larvae start developing (Ren et al., 

2007). See Lindsley and Zimm (2012) for more detailed information on the 

rest of the genetic markers.  

Flies are routinely maintained at 25 ºC, in a homemade meal (1000 ml 

water, 0.5 g NaCl, 100g yeast, 25 g sucrose, 12g agar-agar, 5 ml propionic 

acid, 3.5 ml of a 0.2% sulphate streptomycin solution) and with three 

changes per week. 

Treatment Procedures 

Genotoxicity assays were performed as described by Graf et al. (1984). 

Virgin females with the genotype flr3/TM3, BdS were mated to mwh/mwh 

males. Optimal designs were set with 300 females and 150 males each. 

Flies were allowed to mate for 3 days in order to obtain an optimal 

production of hybrid eggs at the fourth day after mating. Hybrid eggs were 

collected from the crosses of optimally fertile flies during an 8-h period in 

flour-enriched soft medium. Emerged larvae of 72 ± 4 hours were washed 

from the remaining feeding medium using distilled water and transferred 

to the treatment vials. These vials contained 0.85 g of dry Drosophila 

Instant Medium (formula 4-24, Carolina Biological Supply, Burlington NC, 

USA) and 4 mL of the respective test solutions. One hundred larvae were 

embedded into this medium and fed with different concentrations of the 

test fruits and single compounds. The concentrations of the different 

compounds were: 0.625 mg/mL and 5 mg/mL for the pepper varieties, 1.3 

and 11.5 µM capsaicin, 1 and 8.5 µM capsanthin and 0.04 and 0.33 µM 

lutein. The concentrations selected of single compounds fell in the range of 
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the concentrations as described in the fruit (Estrada et al., 1999; Perry et 

al., 2009; Topuz and Ozdemir, 2007). Distilled water was used as a 

concurrent negative control and hydrogen peroxide (150 mM) as the 

oxidative genotoxicant (Romero-Jimenez et al., 2005).  

Antigenotoxicity tests were performed in combined treatments as 

described before (Graf et al., 1998) by mixing the mutagen (hydrogen 

peroxide) with the lyophilized samples or the single compounds in 

appropriate concentrations. Larvae were fed until pupation (about 48 

hours) at 25 ± 1 °C. After emergence, adult flies were collected and stored 

in a 70% ethanol solution until mounting.  

Wing scoring 

For observation of mutant clones, the wings of transheterozygous flies 

were mounted on slides with Faure´s solution (30 g Arabic gum, 20 mL 

Glycerol, 50 g chloral hydrate, 50 mL distilled water) and the hair mutations 

(spots) were analysed and scored under a photonic microscopy at 400x for 

the occurrence of single and twin spots. Wing hair mutations (spots) were 

scored among a total of 24,000 monotricoma cells/wing. Balancer wings 

(mwh/TM3, BdS) were also mounted in the positive and genotoxic single 

treatment concentrations. The mutant spots were spliced into three 

different categories: (1) small single spots, consisting of 1 or 2 mwh or flr3 

cells, which correspond to somatic point mutations, chromosome 

aberration as well as somatic recombination between both wing genetic 

markers; (2) large spots, consisting of three or more mwh or flr3 cells, which 

can be produced by the same processes previously mentioned; and (3) twin 
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spots, consisting of adjacent mwh and flr3 cells, which are exclusively 

originated from somatic recombination. The total number of spots was 

evaluated. This classification has been reported biologically meaningful 

(Graf et al., 1984). In the case of genotoxic results for single treatments, 

balancer wings (mwh/Bds) were also evaluated in order to quantify the 

somatic recombinogenic activity (R) of the substance (Zordan et al., 1991). 

Data evaluation and statistical analysis 

The genotoxicity/antigenotoxicity results were evaluated according to the U-test 

of Mann, Whitney and Wilcoxon (α=β=0.05, one sided) using the SPSS Version 

15.0 software (SPSS Inc. Headquarters, Chicago, IL, USA). The frequencies of each 

type of clone per wing were compared with its concurrent negative control and 

the significance was given at the 5% level.  

The somatic recombinogenic activity of the substance was calculated using 

the following formula: 

R = (frequency of mwh spots on the balancer wings/frequency mwh spots 

on the marker wings) x 100  

The antimutagenic effect in combined treatments was evaluated for total 

spots as proposed by Abraham (1994) by means of the inhibition 

percentage (IP), according to the formula:  

IP = (genotoxine alone - sample plus genotoxine) * 100/genotoxine 

alone. 

Lifespan assays 

Strains 

Animals with the same genetic background as in genotoxicity assays were 

used for trials in longevity studies in order to compare the 

degenerative/antidegenerative effects at both levels. Longevity 
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experiments were carried out at 25ºC and following the procedure of 

(Fernández-Bedmar et al., 2011) . Briefly, synchronized transheterozygous 

larvae of 72 ± 12 hours from flr3 x mwh crosses were washed and separated 

into groups of 100 individuals in vials with a mixture of Instant Medium and 

4mL of the different concentrations of the four varieties of pepper (Italian, 

Lamuyo, Cuernocabra and Chili) and the three selected single compounds 

(capsaicin, capsanthin and lutein). Emerging flies were anesthetized under 

CO2, separated in single-sex groups of 10 individuals and transferred to 

1mL longevity glass vials. Four replicates were used during lifespan assays 

for each control and different concentrations of the test peppers and single 

compounds. The survivals were counted and the medium renewed twice a 

week. 

Data evaluation and statistical analysis 

Data were evaluated following the non-parametric Kaplan-Meier test 

estimate of the survival function for each concentration and concurrent 

control and were plotted as survival curves. The statistical analyses and 

significance levels of these curves were assessed with the Log-Rank 

(Mantel-Cox) method through SPSS 15.0 statistic program (SPSS Inc. 

Headquarters, Chicago, IL, USA). Differences were considered significant at 

p≤0.05. 

Viability assays 

Cell cultures 

The HL60 (human promyelotic leukaemia) cell line was used for the in vitro 

studies of cytotoxicity. Cell line was grown in a humidified incubator (37ºC; 

5% CO2) in complete medium RPMI 1640 (Biowhittaker, BE12-167F),  

containing 10% heat-inactivated bovine serum (Biowhittaker, de14-801F), 
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L-glutamine at 200 mM (Sigma, G7513) and antibiotic-antimycotic solution 

(10,000 units of penicillin, 10mg of streptomycin and 25 µg/mL of 

amphotericin B) from Sigma (A5955). The cultures were plated at a 2.5x 105 

cells/mL density and passed every 2-3 days. 

Assessment of cytotoxic effect 

HL60 cells were placed in 12 well culture plates (1x105 cells/mL) and 

treated for 72 hours with different concentrations of the different test 

compounds (2, 1, 0.5, 0.25, 0.125 and 0.0625 mg/mL for Italian, Lamuyo, 

Chili and Cuernocabra peppers, 98, 65, 49, 12 and 3 µM for capsaicin, 7, 

3.5, 1.75, 0.87, 0.1 µM for capsanthin and 0.12, 0.06, 0.03, 0.015, 0.008 

and 0.004 µM for lutein). Cell growth and viability were assessed following 

the Trypan blue exclusion method. For monitoring these parameters, 10 µL 

of treated HL60 cell suspension from each well were mixed with the same 

volume of Trypan blue solution (Fluka, 93595). Ten microlitres of the mix 

solution was placed in both chambers of a haemocytometer and the 

number of living cells was counted under an inverted microscope (Motic, 

AE30/31) at 100x magnifications. Each experiment was repeated in 

triplicate, growth curves were established and IC50 values were estimated 

and plotted as survival percentage with respect to the control growing at 

72 h. 

Assessment of proapoptotic activity 

HL60 cells (1.5x106 cells/mL) were placed in 12-well culture plates and 

treated with different concentrations of the test compounds for 5 hours. 

Treated cells were centrifuged at 4000 rpm for 5 minutes and washed with 

PBS (SIGMA, D8537). DNA was extracted using a commercial DNA extracted 
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kit (Dominion mbl, 243) and treated with 10 mg/mL RNase at 37ºC for 30 

minutes. DNA fragments (1500 ng) were then separated in 2% agarose gel 

electrophoresis (50 V for 2 h) and stained with ethidium bromide. Finally 

the internucleosomal fragments were visualized under UV. 

RESULTS 

Genotoxicity and antigenotoxicity tests 

The Drosophila wing-spot test was used to assess the safe use of four 

varieties of pepper fruits and some of their distinctive compounds. All 

assays of geno/antigenotoxicity of pepper have been carried out using the 

SMART model as the Drosophila melanogaster larvae are able to 

metabolize a wide range of molecules and complex mixtures (Graf et al., 

1984). Table 1 shows the genotoxicity results obtained for the seven tested 

substances. The total spots per wing frequency of the negative control was 

0.162, being in accordance with the range in other studies (Romero-

Jimenez et al., 2005). None of the tested substances were genotoxic at the 

assayed concentrations (0.625 and 5 mg/mL for green sweet pepper, red 

sweet pepper and red hot pepper varieties, 0.625 mg/mL for green hot 

pepper, 1.3 µM for Capsaicin, 1and 8.5 µM for Capsanthin, 0.04 and 0.33 

for Lutein), except the highest concentration assayed of Cuernocabra 

variety (5 mg/mL) that reached 0.450 total spots/wing and capsaicin at 

11.5 µM that exhibited 0.400 total spots/wing. In order to evaluate the 

recombinogenic potency of these genotoxic concentrations, the spots per 

wing were scored in balancer-heterozygous wings. Values of 

recombinogenicity with respect to the total induced clones for green hot  



 
99 

 

 

 

 

 

 

Table 1. Genotoxicity of four pepper varieties, capsaicin, capsanthin and 
lutein in the Drosophila wing spot test. 

Compounds N Small 
spots 

(1-2 cells) 

Large spots 
(˃ 2 cells) 

Twin 
spots 

Total  
spots 

Negative control 
 (H2O) 

80 0.12 (10)
a 

0.04 (3) 0 (0) 0.16 (13) 

Green Sweet Pepper  
0.625 mg/mL   40 0.2 (8) 0.07 (3) 0 (0) 0.27 (11)ns 
5 mg/mL 38 0.05 (2) 0 (0) 0 (0) 0.05 (2)ns 

Red Sweet Pepper  
0.625 mg/mL 40 0.22 (9) 0 (0) 0.02 (1) 0.25 (10)ns 
5 mg/mL 40 0.22 (9) 0.05 (2) 0 (0) 0.27 (11)ns 

Green Hot Pepper  
0.625 mg/mL   36 0.25 (9) 0.08 (3) 0 (0) 0.33 (12)ns 
5 mg/mL 40 0.37 (15) 0.07 (3) 0 (0) 0.45(18)** 
5 mg/mL Ser 40 0.17 (7) 0.02 (1) 0 (0) 0.20 (8) 

Red Hot Pepper 
0.625 mg/mL 38 0.10 (4) 0.03 (1) 0.03 (1) 0.16 (6)ns 
5 mg/mL 36 0.17 (6) 0 (0) 0.03 (1) 0.20 (7)ns 

Capsaicin  
1.3 µM 40 0.22 (9) 0 (0) 0 (0) 0.22 (9)ns 
11.5 µM 40 0.40 (16) 0 (0) 0 (0) 0.40 (16)** 
11.5 µM Ser 40 0.20 (8) 0 0  

Capsanthin  
1 µM 40 0.17 (7) 0.02 (1) 0.02 (1) 0.22 (9)ns 
8.5 µM 40 0.30 (12) 0.02 (1) 0 (0) 0.32 (13)ns 

Lutein  
0.04 µM 40 0.17 (7) 0.05 (2) 0 (0) 0.22 (9)ns 
0.33 µM 40 0.27 (11) 0.05 (2) 0 (0) 0.32 (13)ns 

Ser: balancer-heterozygous Beaded Serrate genotype wings; a: number of spots per wing, N: 
number of scored wings ns, non-significant (p ˃ 0.05), *: significant (p ≤0 .05), **: highly significant 
(p ≤0.01). The data were evaluated by the nonparametric U-test of Mann, Whitney, and Wilcoxon 
according to Frei and Würgler (1995). 
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pepper and capsaicin were 56% and 50% respectively. Table 2 shows the 

antimutagenic effects of four pepper varieties, capsaicin, capsanthin and 

lutein against hydrogen peroxide. Hydrogen peroxide was used as positive 

control because it is a well-known mutagen (Driessens et al., 2009). The 

mutation rate of this genotoxine was 0.487 spots/wing, which is in 

agreement with other authors that used the same genetic background 

Table 2. Antigenotoxicity of four pepper varieties, capsaicin, capsanthin 
and lutein in the Drosophila wing spot test. 

Compounds N Small spots 
(1-2 cells) 

Large spots 
(˃ 2 cells) 

Twin  
spots 

Total  
spots 

Controls 

Negative (H2O) 80 0.12 (10) 0.04 (3) 0 (0) 0.16 (13) 

Positive (H2O2, 15 M) 80 0.31 (25) 0.16 (13) 0.01 (1) 0.49 (39)* 

Green Sweet Pepper 

0.625 mg/mL 40 0.15 (6) 0.02 (1) 0 (0) 0.17 (7)ns 

5 mg/mL 38 0.08 (3) 0.05 (2) 0 (0) 0.13 (5)ns 

Red Sweet Pepper 

0.625 mg/mL 40 0.27 (11) 0.05 (2) 0 (0) 0.32 (13)ns 

5 mg/mL 40 0.35 (14) 0 (0) 0.05 (2) 0.40 (16)ns 

Green Hot Pepper 

0.625 mg/mL 40 0.12 (5) 0.05 (2) 0 (0) 0.17 (7)ns 

5 mg/mL 40 0.82 (33) 0.05 (2) 0.02 (1) 0.90 (36)** 

Red Hot Pepper 

0.625 mg/mL 40 0.20 (8) 0.05 (2) 0 (0) 0.25 (10)ns 

5 mg/mL 38 0.32 (12) 0 (0) 0 (0) 0.32 (12)ns 

Capsaicin 

1.3 µM 40 0.30 (12) 0.02 (1) 0 (0) 0.32 (13)ns 

11.5 µM 38 0.16 (6) 0.03 (1) 0 (0) 0.19 (7)ns 

Capsanthin 

1 µM  40 0.20 (8) 0.05 (2) 0 (0) 0.25 (10)ns 

8.5 µM 40 0.30 (12) 0.05 (2) 0 (0) 0.35 (14)* 

Lutein 

0.04 µM 32 0.09 (3) 0.03 (1) 0 (0) 0.12 (4)ns 

0.33 µM 40 0.12 (5) 0.02 (1) 0 (0) 0.17 (7)ns 

The data were evaluated by the non-parametric U-test of Mann, Whitney, and Wilcoxon according to 
Frei and Würgler (1995). ns: non-significant (P ˃0.05); *: significant (P ≤0.05); **: highly significant (P 
<0.01) 
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(Anter et al., 2011; Tasset-Cuevas et al., 2013). All pepper varieties, except 

green hot pepper at the highest concentration, were able to inhibit the 

genotoxic effect of hydrogen peroxide (Figure 1). The highest inhibition 

percentages were for green sweet pepper (64% and 73%), where a dose-

effect was observed for this variety. Green hot pepper showed an 

inhibition percentage of 64 and -85%. The inhibition percentages of red hot 

pepper (49 and 35%) were higher than the inhibition percentages of red 

sweet pepper (33% and 18%). Capsaicin inhibited the oxidative damage 

induced by hydrogen peroxide, a dose-effect was observed for this 

substance and its inhibition percentages were 33 and 62% at 1.3 and 11.5 

µM respectively. Capsanthin showed a high antigenotoxic effect at the 

lowest concentration (1 µM) with an inhibition percentage of 49%. The 

inhibition percentages for lutein at 0.04 and 0.33 µM were as high as 74% 

and 63% respectively (Figure 1). 

Figure 1. Inhibition percentages of four pepper varieties (GSP: green sweet 

pepper, RSP: red sweet pepper, GHP: green hot pepper and RHP: red hot 

pepper) and their distinctive compounds against H2O2-induced genetic damage. 
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Longevity assays 

Drosophila melanogaster is one of the commonly used models to 

investigate the genetic determinants of aging (Minois, 2006). The dose-

effect relationships of different tested samples are plotted as survival 

curves and shown in Figure 2 and Figure 3. The hot pepper varieties had 

negative effect on lifespan at the highest assayed concentrations, green 

sweet pepper induced lifespan maintenance and red sweet pepper had 

positive effect on lifespan. As shown in Table 3, hot varieties reduced the 

mean lifespan but only supplementation with 1.25, 2.5 and 5 mg green hot 

pepper/mL diet were significantly different from the negative control, 

decreasing the mean lifespan by 26%, 21% and 16% respectively. 

Conversely, the mean lifespan is extended by 15% and 19% when flies are 

fed with red sweet pepper at the mean concentrations (1.25 and 2.5 

mg/mL respectively). 

Capsaicin and capsanthin decreased the mean lifespan but only 

supplementation with 4.3 µM capsanthin diet, significantly reduced the 

mean lifespan by 12%. Lutein extends the mean lifespan at all 

concentrations except at 0.16 µM, but these results were no significant 

(Table 4). 
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Figure 2 Lifespan curves of Drosophila melanogaster fed with different 
concentrations of sweet and hot pepper varieties over time. 
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Figure 3 Lifespan curves of Drosophila melanogaster fed with different 
concentrations of capsaicin, capsanthin and lutein over time. 
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Table 3. Effect of different pepper varieties on the survival time of 
Drosophila melanogaster. 

 Mean 
 Lifespan 

 (days) 

Mean lifespan 
 difference 

 (%)
a 

Healthspan  
(75

th 
percentile)  
(days) 

Healthspan    
difference  

(%)
a
 

 

RHP(mg/mL) 

Control 84.2 ± 5.0  71.4 ± 4.1  
0.625 80.9 ± 5.0 -4 70.0 ± 4.6 -2 
1.25 77.5 ± 4.4 -8 65.2 ± 3.2

 
-9 

2.5 74.0 ± 5.0 -12 61.7 ± 3.9 -13 
5 83.2 ± 4.0 -1 76.4 ± 4.6 7 

GHP 
(mg/mL) 

    

Control 98.6 ± 2.8  94.2 ± 3.3  
0.625 94.6 ± 3.5 -4 87.5 ± 3.7

* 
-7 

1.25 73.2 ± 3.2
***

 -26 68.3 ± 4.0
*** 

-27 
2.5 78.1 ± 5.3

**
 -21 67.5 ± 6.0

*** 
-28 

5 82.4 ± 3.9
*
 -16 72.5 ± 3.2

*** 
-23 

GSP 
(mg/mL) 

    

Control 98.8 ± 2.5  93.6 ± 2.7  
0.625 99.9 ± 3.0 1 92.7 ± 2.7

 
-1 

1.25 100.8 ± 2.8 2 94.4 ± 3.0
 

1 
2.5 101.5 ± 2.2 3 96.2 ± 2.0

 
3 

5 103.4 ± 2.1 5 98.2 ± 1.8 5 

RSP 
(mg/mL) 

    

Control 76.9 ± 4.2  66.7 ± 3.6  
0.625 88.6 ± 4.1 15 78.4 ± 4.1

* 
18 

1.25 88.5 ± 5.7
*
 15 75.4 ± 5.8

*
 13 

2.5 91.6 ± 3.7
*
 19 83.9 ± 3.9

***
 26 

5 79.1 ± 3.4 3 71.5 ± 3.1 7 
a
 The difference was calculated by comparing treated flies to the concurrent water control. Positive 

numbers indicate lifespan increase and negative numbers indicate lifespan decrease. *p≤0.05, 

**p≤0.01, ***p≤0.001 significances obtained by using of the log rank (Mantel-Cox) tests. 
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Table 4. Effects of capsaicin, capsanthin and lutein on the survival 
time of Drosophila melanogaster. 

 Mean lifespan 
(days) 

Mean 
lifespan 

difference 
(%)

a 

Healthspan  
(75

th
 percentile)  
(days) 

Healthspan 
difference (%)

a 

Capsaicin 
( µM) 

    

Control 100.6 ± 2.2  95.2 ± 1.9  
1.3  92.4 ± 4.1 -8 82.7 ± 4.0

** 
-13 

2.7  97.1 ± 3.8 -3 89.2 ± 4.0
 

-6 
5.7  89.8 ± 3.2 -11 82.2 ± 2.9

** 
-14 

11.5  86.4 ± 4.9 -14 77.2 ± 5.4
* 

-19 

Capsanthin 
(µM) 

    

Control 100.6 ± 2.2  95.2 ± 1.9   
1  94.4 ±3.4 -6 86.1 ± 3.1 -9 
2  89.4 ± 4.5 -11 80.0 ± 4.7

** 
-16 

4.3  88.7 ± 3.6
* 

-12 81.1 ± 3.8
** 

-15 
8.5  94.3 ± 4.7 -6 85.9 ± 5.3 -10 

Lutein 
( µM) 

    

Control 86.1 ± 4.9  76.0 ± 5.1   
0.04  88.6 ± 4.1 3 80.1 ± 4.3 5 
0.08  91.1± 3.8 6 84.4 ± 4.4 11 
0.16  83.7 ± 4.0 -3 74.7 ± 3.9 -2 
0.33  86.8 ± 4.0 1 79.1 ± 4.4 4 
a
 The difference was calculated from comparing treated flies with the respective water 

control. Positive numbers indicate lifespan increase and negative numbers indicate lifespan 
decrease. *p<.05, **p<.01, ***p<.001 significances obtained by using of the long-rank 
(Mantel-Cox) test. 
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In order to evaluate the healthspan (part of the graphic where a 

displacement to the right of the survival curves top can be observed and 

characterized by low and more or less constant age-specific mortality rate 

value (Soh et al., 2007)), the 75th percentile was analyzed. All 

concentrations (0.625, 1.25, 2.5 and 5 mg/mL) of green hot pepper 

significantly decreased healthspan by 7%, 27%, 28% and 23% respectively; 

nevertheless, red sweet pepper significantly extend healthspan by 18%, 

13% and 26% at the lowest and mean concentrations (Table 3). Capsaicin 

significantly decreased healthspan at 1.3, 5.7 and 11.5 µM by 13%, 14% 

and 19% respectively. Capsanthin also significantly decreased healthspan 

at mean concentrations (2 and 4.3 µM) by 16% and 15 % respectively. 

Lutein extends lifespan at the lowest concentrations and at the highest 

concentration by 5%, 11% and 4% respectively but these results were non- 

significant (Table 4). 

Assessment of the cytotoxic effects and apoptosis 

The ability of different pepper varieties and their distinctive compounds to 

inhibit the growth of HL60 cells was also studied. HL60 cells were incubated 

with different concentrations of the tested substances for 72 h. As shown 

in Figure 4, all pepper varieties inhibited the HL60 cell growth with a dose-

response effect; however the IC50 values were different between the 

varieties. The IC50 of Cuernocabra variety (green hot pepper) was the 

highest value (1.5 mg/mL) and Chili variety (red hot pepper) reached the 
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Figure 4. Cytotoxicity of four varieties of pepper fruits on HL60 cells. 

      

      

 

 

lowest IC50 value (0.3 mg/mL). Italian and Lamuyo varieties (green and red 

sweet pepper respectively), presented similar IC50 (0.55 and 0.6 mg/mL 

respectively). Among the four tested varieties, Chili was the most effective 

to inhibit the tumour growth (100% at the highest concentration). Figure 5 
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shows the effects of capsaicin, capsanthin and lutein on cell viability. These 

compounds were not able to fully inhibit the tumour growth. Capsaicin 

exhibited a dose-response effect and its IC50 was 78 µM. Capsanthin didn´t 

present a clear dose-response effect. The IC50 of this compound was 

reached only at the highest tested concentration (7 µM). Lutein didn´t 

show a cytotoxic effect in HL60 cell model.  

Figure 5. Cytotoxicity of capsaicin, capsanthin and lutein on HL60 cells. 
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The possible proapoptotic activity of different pepper varieties, capsaicin, 

capsanthin and lutein has been assayed through DNA fragmentation test. 

This test can be used to differentiate the apoptosis and necrosis processes 

and it is characterized by formation of internucleosomal 180-200 bp units. 

Figure 6 shows the electrophoresis of the genomic integrity in HL60 cells 

treated for 5 h with different concentrations of different pepper varieties. 

DNA fragmentation was found in the HL60 cells treated with red and green 

hot pepper (0.0625-2 mg/mL) and a weak DNA fragmentation was 

observed at the three highest concentrations of red sweet pepper (0.5, 1 

and 2 mg/mL) and in all concentrations of green sweet pepper (0.25, 0.5, 1 

and 2 mg/mL) with the exception of the lower concentration. 

Internucleosomal fragments were observed in HL60 cells treated with 

capsaicin at all concentration with the exception of the lower one. 

Treatment with capsanthin and lutein did not result in the typical DNA 

laddering in HL60 cells (Figure 7). 
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Figure 6. DNA fragmentation induced in HL-60 cells by four varieties of 
pepper fruits. HL60 human leukemia cells were exposed for 5 hours to 
different concentrations of test peppers. DNA was extracted from cells 
and subsequently subject to 2% agarose gel electrophoresis at 50 V for 90 
min.  

 

Red hot pepper (A): Control (lane 1), 0.0625 mg/mL (lane 2), 0.125 mg/mL (lane 3), 0.25 mg/mL 
(lane 4), 0.5 mg/mL (lane 5), 1 mg/mL (lane 6), 2 mg/mL (lane 7). Green hot pepper (B): Control (lane 
1), 0.0625 mg/mL (lane 2), 0.125 mg/mL (lane 3), 0.25 mg/mL (lane 4), 0.5 mg/mL (lane 5), 1 mg/mL 
(lane 6), 2 mg/mL (lane 7). Red sweet pepper (C): Control (lane 1), 0.0625 mg/mL (lane 2), 0.125 
mg/mL (lane 3), 0.25 mg/mL (lane 4), 0.5 mg/mL (lane 5), 1 mg/mL (lane 6), 2 mg/mL (lane 7). Green 
sweet pepper (D): Control (lane 1), 0.0625 mg/mL (lane 2), 0.125 mg/mL (lane 3), 0.25 mg/mL (lane 
4), 0.5 mg/mL (lane 5), 1 mg/mL (lane 6), 2 mg/mL (lane 7).  

 

Figure 7. DNA fragmentation induced in HL-60 cells by capsaicin, 
capsanthin and lutein. HL60 human leukemia cells were exposed for 5 
hours to different concentrations of test compounds. DNA was extracted 
from cells and subsequently subject to 2% agarose gel electrophoresis at 
50 V for 90 min. 

 

Capsaicin (A): Control (lane 1), 3µM (lane 2), 12 µM (lane 3), 49 µM (lane 4), 65 µM (lane 5), 98 µM 
(lane 6). Capsanthin (B): Control (lane 1), 0.1 µM (lane 2), 0.85 µM (lane 3), 1.7 µM (lane 4), 3.4 µM 
(lane 5), 6.8 µM (lane 6). Lutein (C): Control (lane 1), 0.03 µM (lane 2), 0.007 µM (lane 3), 0.014 µM 
(lane 4), 0.029 µM (lane 5), 0.061 µM (lane 6), 0.12 µM (lane 7). 

 



 
112 

 

DISCUSSION 

Healthy diets have been a research focus by many authors and have been 

directly related to the prevention of chronic diseases such as heart diseases 

and cancer and to the lifespan extension as well (Olsen et al., 2011; Pérez-

López et al., 2009; Scarborough et al., 2010). Peppers have been 

introduced widely around the world from Mexico in the 16th century and 

included in the traditional American, Asian, European and African diets 

(Basu et al., 2003). 

The first step to consider a substance as nutraceutical is to confirm its role 

on DNA safety in order to be consumed. The DNA damage caused by 

oxidative agents accounts for an important portion of harmful mutagenic 

events. Hydrogen peroxide is a typical DNA damage-inducing agent 

(Benhusein et al., 2010). This genotoxine induces mitotic recombination in 

lymphocytes (Turner et al., 2003), somatic mutation, recombination and 

microsatellite instability germ cells in Drosophila melanogaster (López et 

al., 2002; Romero-Jimenez et al., 2005) and affects to cytoskeletal proteins 

(Courgeon et al., 1993). Our results confirm that this oxidant agent exhibits 

mutagenic and recombinogenic activity in somatic cells of Drosophila sp. 

being this organism an excellent in vivo genetic model system to be used in 

genotoxicity and antigenotoxicity studies. Peppers have a high phenolic 

content among other antioxidant components (Topuz and Ozdemir, 2007) 

and have been shown to exert free radical-scavenging activity although at 

different rates depending on the variety and sensorial classification 

(pungent or non-pungent) (Chuah et al., 2008; de Jesús Ornelas-Paz et al., 

2013; Sun et al., 2007; Zhuang et al., 2012). Few genotoxicity studies have 
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been carried out using pepper fruit as a complex mixture. These studies 

yielded negative results for different varieties, for both hot and sweet 

peppers (Poblano, red chili spur, bird chili, green bell and sweet pepper 

varieties). Our results are in agreement with these except for the positive 

value found in the green hot pepper at the highest concentration in our 

experiments. Although the SMART test has been used in all these 

researches, this apparent discrepancy can be due to the different flies 

genetic backgrounds used, the concentrations chosen and the part of the 

fruit selected in each case. Ramirez-Victoria et al. (2001) obtained negative 

results for Poblano variety (green hot pepper) juice using standard and 

high bioactivation Drosophila melanogaster crosses. In addition, other 

study with three varieties of Capsicum annuum (red chili spur pepper, 

green bell pepper and sweet pepper) and one variety of Capsicum 

frutescens (bird chili pepper) yielded negative genotoxic results using both 

standard and high bioactivation crosses although the authors did not show 

data (Laohavechvanich et al., 2006). El Hamss et al. (2003) also obtained 

negative results for genotoxicity of bell pepper using standard and high 

bioactivation Drosophila melanogaster crosses. Nevertheless, Tsuchiya et 

al. (2011), reported that red chili pepper was mutagenic by the Ames test 

in TA98, TA100, TA1537 and TA1535 Salmonella strains, although 

mutagenic activity levels were low. 

The lack of genotoxic activity for most peppers and concentrations 

confirms their safe use. The following step in the searching of a real 

nutraceutical substance could be to demonstrate that such a natural 

product is able to protect against the oxidative damage. Sim and Han 
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(2007), showed antioxidant activities of red pepper pericarp and red 

pepper seeds extracts using different antioxidant in vitro assays. Besides 

the genotoxicity assays, combined treatments with hydrogen peroxide 

have been designed in order to test the antioxidant-antigenotoxic potential 

of the selected peppers. The results are in agreement with those provided 

by other authors: (i) Ramirez-Victoria et al. (2001), demonstrated that 

green Poblano pepper variety inhibited DNA damage induced by methyl 

urea and sodium nitrite in Drosophila sp. ; (ii) Laohavechvanich et al. 

(2006), also obtained positive results for antigenotoxicity against the 

carcinogen urethane but the antigenotoxicity levels were lower than in the 

former research and (iii) bell peppers reduced the mutational events 

induced by methylmetanesulfonate and ethyl carbamate (El Hamss et al., 

2003). Our results are in agreement with these other authors and indicate 

that peppers have antigenotoxic activity with the exception of the green 

hot pepper at the highest concentration. This unique difference with the 

former authors could be due to the different genotoxine and the genetic 

background used in the different researches. In addition, the genotoxicity 

and lack of antigenotoxicity in this green hot pepper variety suggest that 

capsaicin content could be the responsible for the DNA damage observed 

in green hot pepper and capsaicin treatments. In fact, this capsaicinoid was 

genotoxic at the highest concentration and the green hot pepper as well. 

Nevertheless, the red hot variety was non-genotoxic in spite of its capsaicin 

content, suggesting that the red colorants content counteract the 

genotoxic effect caused by capsaicin. 
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Topical use of capsaicin has been suggested as an effective pain 

management adjunct with therapeutic potential for rheumatoid arthritis, 

osteoarthritis, neuralgias, diabetic neuropathy. This palliative use is due to 

the initial neuronal excitation evoked by capsaicin  followed by a long-

lasting refractory period; during which time the previously excited neurons 

are no longer responsive to a broad range of apparently unrelated stimuli 

(Szallasi and Appendino, 2004). 

Conflicting both epidemiologic and basic research studies suggest that 

capsaicin might play a role in either preventing or causing cancer, although 

most of the studies relates capsaicin with cancer. There are evidences that 

capsaicin may not be safe for humans in long term topical applications 

(Bode and Dong, 2011). Furthermore, and despite the statistical limitations, 

all the epidemiological studies have continually associated capsaicin to a 

cancer promoting or causative effect. López-Carnllo et al. (1994), found 

that the consumption of red chili powder was a risk factor for cancer of the 

oral cavity, pharynx, esophagus and larynx in India. Significantly higher 

rates were observed for stomach and liver cancer in cultural groups of the 

U.S. who consume high levels of pepper compared with controls who 

consume low amounts of hot peppers (Archer and Jones, 2002). Our results 

for both capsaicin and hot pepper in Drosophila melanogaster are 

according to this. Therefore, our assays are able to detect specific 

genotoxicity and to associate it with the epidemiological data in humans. 

The intervention of the colorful carotenoids compounds on decreasing 

cancer risk has widely been demonstrated (Donaldson, 2004). 

Antigenotoxicity studies using capsanthin as DNA-protecting agent are 
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available, although the present research is the first study providing results 

regarding genotoxicity. Our results are in disagreement with those of 

Takahashi et al. (2001), who did not detect antigenotoxic effect of this 

carotenoid on DNA of Drosophila sp. against different carcinogens. The 

difference could be due to the fact that they used other mutagens(2-

amino-3-methylimidazo[4,5-f]quinolone, 2-amino-3,8-dimethylimidazo[4,5-

f]quinoxaline, 2-acetylaminofluorene, aflatoxin B1, 7,12-

dimethylbenzo[a]anthracene, N-nitrosodimethylamine, N-methyl-N-

nitrosourea, 4-nitroquinoline N-oxide) and tests (Drosophila in vivo DNA 

repair). Further, our results are in concordance with the epidemiological 

studies about relationship between red fruit consumption and cancer risk 

(Giovannucci et al., 2002). 

Lutein has been shown to be an excellent antioxidant and non-mutagenic 

in prokaryotes at 334, 668 and 1335 µg/plate using the standard Ames test 

in TA97, TA98, TA100 and TA102 strains in the presence or absence of S9 

mix and have anti-mutagenic effect on mutagenicity induced by 2-

aminofluorene and cyclophosphamide in TA98 and TA100 strains (Wang et 

al., 2006). Besides this, this molecule is able to inhibit reactive oxygen 

species (superoxide and hydroxyl radicals) (Trevithick-Sutton et al., 2006) 

being this characteristic associated to its high number of conjugated 

double bonds (Conn et al., 1991). Lutein is also safe when it is evaluated in 

animal models like rats yielding non-toxicologically relevant findings 

(Ravikrishnan et al., 2011). Nevertheless, Kalariya et al. (2009) showed that 

lutein has a DNA damage effect in a dose-and time-dependent manner in 

ARPE-19 cells (human retinal pigment epithelial cells) at a concentration 
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ranging from 10-50 µM. The results obtained for us in the eukaryote 

SMART for lutein indicated that it was not genotoxic and was 

antigenotoxic, therefore, it is safe and protect to the oxidative DNA 

damage caused by H2O2. 

Oxidative stress plays an important role on the lifespan of different 

Drosophila melanogaster strains when adding specific chronic diets in 

controlled environments (Fleming et al., 1992). Drosophila was the first 

genetic system in which enhanced stress resistance was linked to increased 

lifespan (Service et al., 1985). In this work, we describe for the first time 

the effects on the lifespan of Drosophila melanogaster of dietary 

supplementation with different pepper varieties (two pungent and two 

non-pungent), capsaicin and capsanthin. This arthropod can be used as an 

aging model system because it shares similar metabolic pathways to 

human (Anh et al., 2011), such as analogous organ systems that control 

nutrient uptake, storage and metabolism (Baker and Thummel, 2007). 

Furthermore, Drosophila is costless and a rapid-growing organism. In this 

study, we demonstrate that hot pepper varieties decrease life/health span 

in Drosophila melanogaster in a dependent-dose manner but only green 

pepper results were significantly different from the negative control. On 

the other hand, red sweet pepper variety increase life/health span in this 

organism at the median concentrations. The lifespan results obtained for 

capsaicin could partially explain the results obtained for hot varieties. 

Capsanthin reduces lifespan and health span, therefore, the life/health 

span extension of Drosophila by red sweet pepper supplementation could 

be due to other components present in the red pepper tissues and lacking 
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in the green pepper matrix. Zhang et al. (2011), showed that lutein 

significantly extend mean lifespan and healthspan at 0.1 mg/mL. The 

observed tendency in our results is in agreement with these authors 

although statistically non-significant. In general, the simple compounds do 

not decrease significantly the lifespan, therefore, there should be other 

components influencing on the lifespan of Drosophila melanogaster. 

The negative effect of green hot pepper and positive effect of red sweet 

pepper on the longevity trials of Drosophila sp. are in agreement with the 

genotoxicity results for these vegetables. Hence, the in vivo assays results 

are congruent as genotoxic substances significantly reduced the lifespan in 

Drosophila melanogaster.  

Additionally, our results show that the samples tested exert an overall 

cytotoxic effect on HL60 tumour cells. The present study shows the first 

cytotoxic assays with fresh pepper fruits as a complex mixture. Our results 

are in agreement with those of Motohashi et al. (2003) who found positive 

results for cytotoxicity for different tumour cell lines (HSC-2, HSC-3, HSG 

and HL60) using different red sweet pepper (Anastasia red, Capsicum 

annuum L. var. angulosum Mill.) hexane, acetone and methanol extracts. 

Obtaining very similar IC50 in the case of HL60 cell line (0.5 and 0.6 mg/mL 

for both studies).The simple compounds were not able to fully inhibit the 

tumour cell growth % at the tested concentrations (according to the 

concentrations present in the pepper fruit). There are many cytotoxicity 

studies using different cancer cell lines (HL60, SNU-1, SHSY-5Y, PC-3, LNCaP, 

AGS, A172, SK-Hep-1) all of them  yielding positive results for capsaicin (Gil 

and Kang, 2008; Ito et al., 2004; Jung et al., 2001; Kang et al., 2001; Kim et 
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al., 1997; Lo et al., 2005; Mori et al., 2006; Richeux et al., 1999). Precisely, 

Kang et al. (2001) using HL60 cells obtained an IC50 like ours. 

Capsanthin decreases cell viability of leukemia K562 cells, EBV-EA 

lymphoblastoid cells, PC3 and DU 145 prostate cancer cells (Kotake-Nara et 

al., 2001; Maoka et al., 2001; Zhang et al., 2011) at different rates. 

Nevertheless, Murakami et al. (2000) showed that capsanthin has not a 

notable cytotoxic effect on HL60 at 25µM. Bridging the gap for the 

physiological differences among cell lines, our results are more in 

agreement with those obtained in other cell lines than in those obtained in 

the HL60 cell line experiments carried out by of Murakami et al. (2000), 

because capsanthin is able to reduce the cell viability up to 50% at the 

highest concentration (7 µM).  

Lutein has a free radical scavenging activity by 44.1% and IC50 at 5.28 

µg/mL on HeLa cells (Lakshminarayana et al., 2010). This carotenoid 

extracted from algae species and Marigold flower petals (Tagetes erecta L.) 

has also showed antiproliferative effect on HCT116 and Hep2 cancer cell 

lines (Ayyadurai et al., 2013; Cha et al., 2008) and induces HL60 cell 

differentiation in a dose-dependent manner at 0.1, 1 and 10µM (Gross et 

al., 1997). Nevertheless lutein extracted from spinach at 5 and 10 µM had 

minimal effect on cell viability of HL60 cells and only 20 µM concentration 

decreased the viability by 50% (Ganesan et al., 2011). Lu et al. (2005) also 

showed that lutein had not effect on the cell growth of LNCaP cells and had 

minimal effect on PC-3 cells at 8 µmol/L. Our negative results for lutein 

cytotoxicity are in agreement with the negative results yield by Ganesan et 
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al. (2011) and Lu et al. (2005). Therefore, lutein has not the ability for 

cancer growth inhibition at low concentration. 

Apoptosis or programmed cell death is a major mechanism of cancer 

suppression. The induction of the apoptotic mechanism or cell cycle arrest 

can be an excellent approach to inhibit the promotion and progression of 

carcinogenesis and to remove genetic damage preinitiated or neoplastic 

cells from the body. The present work shows the first study on the possible 

apoptotic effect induced by Capsicum annuum fruit as a complex mixture. 

The hot pepper varieties showed a higher pro-apoptotic internucleosomal 

fragmentation effect than sweet varieties. The difference between pungent 

or non-pungent varieties could be due to the capsaicin content of hot 

varieties because capsaicin also induced DNA fragmentation in HL60 cells. 

The minimal apoptotic effects observed on DNA of HL60 cells for sweet 

peppers could be due to the capsanthin content in red variety and another 

compounds present in green pepper (not lutein). 

Capsaicin induces DNA fragmentation in different cancer cell lines: 

hepatocarcinoma cells (SK-Hep-1), gastric adenocarcinoma cells (AGS), 

colon cancer cells (HT-29), glioblastoma cells (A172), melanoma cells (B16-

F10), prostate cancer cells (PC-3), esophagus epidermoid carcinoma cells 

(CE 81T/VGH), pancreatic cancer cells (BxPC-3 and AsPC-1), leukemic cells 

(NB-4, UF-1, Kasumi-1, HL-60, K562, KU812, U937). (Ito et al., 2004; Jun et 

al., 2007; Jung et al., 2001; Kim et al., 2004; Lee et al., 2000; Lo et al., 2005; 

Pramanik et al., 2011; Sánchez et al., 2007; Tsou et al., 2006; Wu et al., 

2006). Several studies has demonstrated that capsaicin-induced apoptosis 

is associated with an increase of the intracellular reactive oxygen species 
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production in NB4 leukemic cell lines playing a significant role in 

phosphorylation of p53 at the Ser-15 residue (Ito et al., 2004). Tsou et al. 

(2006) proposed that capsaicin induced decreases in CDK1, cyclin E and 

cyclin A leading G0/G1 arrest and increased the production of reactive 

oxygen species and Ca2+ and decreased MMP levels and cytochrome c 

release, leading to caspase-3 activity that induced apoptosis in HL-60 cells. 

Therefore, our results are in agreement with those authors and confirm 

that capsaicin induces DNA fragmentation in cancer cells. 

Few studies have focused to study the apoptotic effect on DNA of cancer 

cell by capsanthin. This red carotenoid induced significantly cell apoptosis 

in leukemia K562 cells at 50 µM (Zhang et al., 2011) and in human breast 

cancer cells (MDA-MB23(HTB26)) at 2 µg/mL (MOLNAR et al., 2004). Our 

results are in disagreement with these authors and this difference could be 

due to the different concentrations, cell line genetic backgrounds and 

specific assays conditions used in each case.  

Recent research has shown that dietary lutein can inhibit growth in mouse 

mammary tumours by regulating angiogenesis and apoptosis (Chew et al., 

2002). This yellow carotenoid induces apoptosis in prostate cancer cells 

(PC3) (Rafi et al., 2015). Our results in HL60 cells are in disagreement with 

these. 

The purpose of the present research work has been to give a nutraceutical 

focus to the use of both worldwide consumed sweet and hot peppers as 

well as to question their indiscriminate consumption. Based on the results 

of the present study, we conclude that: (i) sweet peppers, capsanthin and 
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lutein are non-toxic, DNA-safe (non-genotoxic) and show an antimutagenic 

activity against H2O2-DNA damage as an added value. (ii) Sweet peppers 

and lutein extend the lifespan of Drosophila melanogaster (iii) All pepper 

varieties (pungent or non-pungent) capsanthin and capsaicin are able to 

inhibit the in vitro growth of leukaemian cells (HL60) at different IC50. 

Additionally, our results support the epidemiological data that positively 

correlate hot pepper consumption and cancer incidence as Green hot 

peppers and capsaicin induce DNA damage (genotoxic) and decrease the 

lifespan of Drosophila melanogaster. Therefore, all in vivo and in vitro 

assays carried out in the present research point out that: (i) sweet peppers 

could be suggested as nutraceutical food, (ii) hot peppers should be 

moderately consumed, and (iii) supplementary studies are necessary to 

clarify the synergic effect of the carotenoids and capsaicinoids in the food 

matrix of the red hot pepper. 
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ABSTRACT 

The present research consists of an integrative evaluation on the health-

beneficial properties of different doses of garlic (Allium sativum) and onion 

(Allium cepa) lyophilized extracts and their respective representative 

organosulfur compounds (diallyl disulfide, DADS; dipropyl disulfide, DPDS) 

using a multi-assay experimental design including animal and cellular 

models. We assessed their genotoxic, antigenotoxic and lifespan effect in 

an in vivo animal model (Drosophila melanogaster) as well as their pro-

apoptotic capacities and clastogenic DNA activity against proliferative 

processes using an in vitro human cancer model (HL60 cell line). The results 

showed that (i) Garlic, onion, DADS and DPDS are non-genotoxic at all 

tested concentrations (0.625 and 5 mg/mL for the two Allium sp., 0.17 and 

1.37 mM for DADS, 0.04 and 1.33 mM for DPDS). (ii) All substances were 

antigenotoxic against H2O2-induced DNA damage with a positive dose-

response effect and different inhibition percentages (33%-70% for onion, 

19%-59% for garlic, 32%-46% for DPDS, 40%-95% for DADS). (iii) Daily 

intake of Allium sp. vegetables, DADS or DPDS had no positive effects on 

flies’ lifespan at the assayed concentrations. Furthermore, the highest 

concentrations of garlic and DADS (5 mg/mL and 34 mM respectively) 

significantly decreased mean lifespan. In the same way, highest 

concentrations of tested substances, included as dietary supplement in the 

Drosophila food (onion: 2.5 mg/mL; garlic: 5 mg/mL; DPDS: 8, 16 and 33 

mM; DADS: 17 and 34 mM) also significantly decreased the mean 

healthspan of the flies. (iv) Garlic and onion lyophilized extracts and DADS 

and DPDS exerted a cytotoxic effect on the HL60 promyelocytic cell growth 
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in a positive dose-dependent manner. Nevertheless the cytotoxic effect of 

onion was slight and could not reach the IC50 at the assayed 

concentrations. (v) Garlic and its representative organosulfur (DADS) 

exerted an internucleosomal DNA fragmentation as an index of induced 

proapoptotic activity on HL60 cells. (vi) Garlic, onion and DADS were able 

to significantly induce clastogenic strand breaks in theHL-60 measured by 

the comet assay. 

It has been demonstrated the genomic safety of the assayed substances 

and their protective genetic effects against the oxidative mutagen 

hydrogen peroxide. Nevertheless, long-term treatments during the whole 

life of Drosophila are not beneficial for this animal model, only being 

healthy low-median concentrations. The chemopreventive activity of garlic 

on HL-60 cells could be due to its distinctive organosulphur DADS. 

Supplementary studies are needed to clarify the cell death pathway against 

garlic and DADS.  

Key words: Garlic, onion, diallyl disulfide (DADS), dipropyl disulfide (DPDS), 

antigenotoxicity, lifespan, comet assay, Drosophila, HL-60 cells. 
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INTRODUCTION 

Mediterranean diet is well known as one of the best nutritional patterns in 

human beings due to its beneficial effects on health. This diet, based in the 

high consumption of fruit, vegetables, wine and olive oil, with fish as the 

main animal protein contribution, is a prototype of a healthy and well 

balanced food intake (De Lorgeril and Salen, 2006). Today, most of the 

studies asserting these well-being effects agree that they may be due to its 

high antioxidant and phenolic contents (Trichopoulou and Vasilopoulou, 

2000). Diet-derived antioxidants are implicated in maintaining a balanced 

homeostasis and scavenging of reactive oxygen species (ROS) as it is part of 

a highly effective defense network against oxidative stress which 

complements the endogenous defense enzymes (Ambrosone et al., 1999). 

Garlic (Allium sativum) and onion (Allium cepa) are two diet native 

vegetables from Asia, widely used in different cultures and in traditional 

medicine for centuries (Rivlin, 2001). According to the FAO (2015), they are 

two of the most important vegetable crops with a worldwide production of 

24,255,303 and 85,795,195 tons of garlic and onion respectively. In fact, 

their consumption has increased in recent years with the expansion of the 

Mediterranean and Asian cuisine. These vegetables have been linked to 

preventive effects against several diseases such as cancer, obesity, 

diabetes type-2, coronary heart disease and hypertension among others 

(Lanzotti, 2006; Sengupta et al., 2004; Yamamoto et al., 2005; Yoshinari et 

al., 2012). These properties were associated to their high content of 

thiosulfinates, a group of volatile organosulfur compounds originated from 

the decomposition of the allicin, which are also responsible for their typical 



 
140 

 

pungent aroma and taste (Cerella et al., 2011; Corzo-Martínez et al., 2007) 

(Amagase et al., 2001; Brodnitz et al., 1971). However, both vegetables 

showed a high variability among strains being diallyl sulfide (DAS), DADS 

and diallyl trisulfide (DATS) normally higher in garlic and dipropyl sulfide 

(DPS) and DPDS in onion (Shaath and Flores, 1998; Shukla and Kalra, 2007)  

Oils and extracts of garlic were associated to several health-benefit 

activities. Among them, the protecting capacity against DNA damage 

induced by oxidative stress, their H2O2 scavenging activity and their ability 

to reduce the bioactivity of carcinogens and tumor cells proliferation 

(Benkeblia, 2005; Huang et al., 2015; Park et al., 2009; Tanaka et al., 2006). 

These capacities of extracts were directly linked to DADS, one of their 

major and most garlic distinctive constituents. This molecule was 

characterized as non-genotoxic, antigenotoxic and inhibitor of cell 

proliferation and pro-apoptotic in different cancer cell lines like leukaemia, 

colon, prostate, lung, bladder and skin (Gayathri et al., 2009; Jakubikova 

and Sedlak, 2005; Lin et al., 2008; Lu et al., 2004; Sundaram and Milner, 

1996b; Tan et al., 2008; Wu et al., 2005; Yang et al., 2009)  

On the other hand, onions are versatile vegetables that can be consumed 

fresh as well as in processed products. Like garlic extracts, they also 

showed a high oxy-radical scavenging capacity (Yang et al., 2004) and 

antigenotoxic effects (Aunanan and Kangsadalampai, 2010) and their 

ethanolic extracts and oils showed an antimutagenic activity (Ikken et al., 

1999). In addition, onions extracts also decreased the viability and exerted 

an apoptotic effect in several cancer cell lines like HL60, MDA-MB-231, 

A549 and B16F10 (Seki et al., 2000; Shrivastava and Ganesh, 2010; Wang et 
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al., 2012; Wu et al., 2006). The pro-health properties of onions were widely 

related to DPDS, one of its most representative organosulfur compounds. 

This molecule showed a strong anticarcinogenic activity (Guyonnet et al., 

2000a) and produced a protective effect towards DNA strand break and 

oxidative damage (Arranz et al., 2007a; Arranz et al., 2007b). Nevertheless, 

this compound had not antitumor effects in mice (Singh et al., 1998), did 

not decrease tumour cell growth and did not induce DNA-internucleosomal 

fragments on cancer cells (Garcia et al., 2009; Merhi et al., 2008; Singh et 

al., 1998; Sundaram and Milner, 1996b). 

Hereby, we performed a qualitative and quantitative evaluation of the 

health-beneficial properties of garlic, onion and their representative 

organosulfur compounds (DADS and DPDS) in a multi-assay experimental 

design using animal and in vitro models. We assessed on their genotoxic, 

antigenotoxic and lifespan effects in Drosophila melanogaster flies, as 70 % 

of human disease genes are conserved in this organism (Richardson, 2015) 

and their proapoptotic capacities against cancer processes: cytotoxicity and 

clastogenic DNA activity in an in vitro human cancer model (HL60 cell line).  

MATERIAL AND METHODS 

Allium vegetables and single compounds 

Two Allium species and two of its most distinctive organosulfur compounds 

were assayed. Garlic (Allium sativum, purple variety) and onion (Allium 

cepa, Victoria variety) were purchased in a local market. Thiosulfinates, 

DADS (CAS: 2179-57-9) from garlic and DPDS (CAS: 629-19-6) from onions, 

were purchased from Sigma (Cat numbers 317691 and 43550 respectively). 
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Preparation of the samples 

Garlics and onions were washed twice with water, cut in slim slices, and 

freeze-dried at -80ºC. After that, both samples were lyophilized, pulverized 

with a mortar pestle, sieved and stored at 25 ºC in dark until use. 

In vivo assays 

SMART test 

Two Drosophila melanogaster fly strains carrying visible wing genetic 

markers were used in our experimental design: the flare (flr) strain flr3/ln 

(3LR) TM3, Bds and the multiple wing-hair (mwh) strain mwh/mwh. The 

multiple wing hairs (mwh, 3_0.3) marker is a recessive viable mutation in 

homozygous flies, producing multiple-hairs trichomes in the fly adult body 

(Yan et al., 2008). The flare (flr3, 3_38.3) marker is a homozygous recessive 

lethal mutation which produces malformed individual wing hairs in somatic 

cells of larvae. The flr3 allele is retained in a balancer chromosome carrying 

multiple inversions and a homozygous lethal dominant visible marker 

expressed in the edge wing (Ren et al., 2007). 

Genotoxicity was determined using the somatic mutation and 

recombination test (SMART) as described by Graf et al. (1984) using pure 

water as negative control. The antigenotoxic activity was also determined 

using a modified SMART test following our standard protocols (Anter et al., 

2011). Briefly, optimally virgin flr3/ln (3LR) TM3, ri pp sep bx34e es BdS (flare) 

females were crossed with  mwh/mwh strain males, obtaining 72 h 

transheterozygous F1larvae after an 8 h egg-laying on fresh yeast. Larvae 

were fed with Drosophila Instant Medium (Formula 4-24, Carolina 



 
143 

 

Biological Supply, Burlington, NC) in 4 mL vials. Genotoxicity assays 

consisted of eight experimental groups by supplementing the base larvae 

food (0.85 g) with different concentrations of onion (0.625 and 5 mg/mL), 

garlic (0.625 and 5 mg/mL), DADS (4 mM and 34 mM) and DPDS (4 mM and 

33 mM). Single compounds concentrations were selected to mimic those 

described in the fresh Allium sp. (Block, 1992). Negative (distilled water) 

and positive (0.12M H2O2) concurrent controls were included. 

Antigenotoxicity experimental design was similar to the genotoxicity assays 

by concurrently treating the larvae with the tested substances 

supplemented with H2O2 (0.12M) as positive genotoxicant control. The 

emerged adults in each group were finally stored in 70 % ethanol until 

analysis. 

Wings of twenty heterozygous flies (mwh/flr3) of each compound and 

concentration were removed and mounted on slides with Faure´s solution 

(Arabic gum 50 g, glycerol 20 mL, chloral hydrate 50 g, distilled water 50 

mL). Both dorsal and ventral surfaced were screened under a bright light 

photonic microscope at 400x magnification to detect small single spots (1-2 

mwh or flr3 cells ), large single spots (3 or more cells) and twin spots 

(adjacent mwh and flr3 cells). Single spots are produced by gene mutation, 

somatic recombination and deletion between the two markers. Twin spots 

are produced uniquely by recombination between the flr3 marker and the 

centromere. 

In order to evaluate the genotoxic effect, the frequencies of total spots per 

wing of each series were statistically compared with the total spots of the 

negative control with the non-parametric U-test of Mann, Whitney and 
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Wilcoxon (Frei and Würgler, 1995). Antigenotoxicity was determined as the 

inhibition percentages (IP) using the total spots per wing determined at 

each concentration with the following formula (Abraham, 1994): 

IP= [(a – b)/a] x 100 

where a represents the frequency of total spots induced by the treatment 

with genotoxine alone, and b represents the frequency of total spots 

obtained with genotoxine plus substance tested in the different combined 

treatments.  

Longevity assays 

All the longevity experiments were performed following our standard 

procedures (Fernández-Bedmar et al., 2011; Tasset-Cuevas et al., 2013). 

Transheterozygous larvae from a 12h egg-laying with the same genetic 

background described above were used in the life and health-span trials. 

Synchronized larvae of 72 ± 12 h were clustered in groups of 100 

individuals in glass vials with 0.85 g of Drosophila Instant Medium in 4 mL 

of water solutions of the different experimental concentrations assayed 

(0.625, 1.25, 2.5 and 5 mg/mL for Allium vegetables; 4, 8, 16 and 33 mM 

for DPDS; 4, 8, 17 and 34 for DADS). The emerged flies were anesthetized 

under CO2, separated into 10 single-sex groups, transferred to longevity 

vials and fed with the same treated medium during the whole 

experimental design. A concurrent treatment was also included using 

distilled water as negative control. The survivors were counted and the 

medium was renewed twice a week until all individuals die. Survival curves 

were plotted as estimated by the Kaplan-Meier method and the statistical 
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significance of curves were assessed using the Log-Rank (Mantel-Cox) 

method using the SPSS 15.0 statistics software (SPSS Inc. Headquarters, 

Chicago, IL, USA). 

In vitro assays 

Cell line cultures and cytotoxicity assay 

In vitro assays were performed using the promyelotic leukemia HL60 cell 

line (kindly provided by Dr. Jose M. Villalba Montoro, University of 

Cordoba, Spain). Cells were passed twice a week (at 2.5 x 105 cells/mL) 

following our standard protocol (Anter et al., 2015) in complete RPMI 1640 

medium (Biowhittaker, BE12-167F) containing 10% heat-inactivated foetal 

bovine serum (Biowhittaker, de14-801F), L-glutamine 200 mM (Sigma, 

G7513) and antibiotic-antimycotic solution (Sigma, A5955) at 37ºC in a 

humidified atmosphere of 5% CO2. 

Cell viability was evaluated by Trypan blue exclusion assay. Cells (1 x 105 

cells/mL) were seeded and incubated for 72 h in 96 well plates 

supplemented with 6 different concentrations Allium species (ranging from 

0.002 mg/mL to 0.06 mg/mL) and 6 different concentrations of 

thiosulfinates (ranging from 0.0125 mM to 0.4 mM). A concurrent negative 

control (base medium without supplementation) was concurrently run. 

After incubation, Trypan blue was added to the cell suspension (1:1 ratio) 

and cells were counted in a Neubauer chamber under an inverted 

microscope at 100x magnification. Cell viability was expressed as 

percentage of survival with respect to control after 72 h period. IC50 values 

(concentration of tested compound causing 50% of cell growth inhibition) 
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were estimated for each treatment. Viability curves were plotted as mean 

viability ± Std of three independent replicas in each substance and 

concentration. 

Internucleosomal DNA fragmentation assay  

HL60 cells (1.5 x 106 cells/mL) were incubated with the same compounds 

and concentrations as in cytotoxicity assays for 5 h in 12-well plates. 

Thereafter cells were harvested, centrifuged at 2500 x g for 5 min. and 

washed with PBS. Total DNA was extracted using a commercial DNA-

extraction kit (Blood Genomic DNA Extraction Mini Spin Kit, Canvax 

Biotech, Cordoba, Spain) according to the manufacturer instructions and 

subsequently treated with RNase overnight. DNA yielding was quantified in 

a Nanodrop™ (Thermo Scientific, Madrid, Spain). A total of 1500 ng of DNA 

per sample was loaded in a 2% agarose gel, stained with ethidium bromide 

and run by 120m at 60V. Internucleosomal DNA fragmentation was 

determined by the presence of a ladder band patterns with 200 bp multiple 

fragments. 

Evaluation of DNA breakage ability: comet assay 

The ability of the compounds to produce strand breaks in the DNA 

structure was determined by the alkaline comet assay as described Olive 

and Banáth (2006) with minor modifications. HL60 cells (5x105 cells) were 

plated in 1.5ml of culture medium supplemented with different 

concentrations of onion (0.004, 0.016 and 0.06 mg/mL), garlic (0.002, 0.004 

and 0.008 mg/mL), DPDS (0.025, 0.1 and 0.4 mM) and DADS (0.01, 0.025 

and 0.05 mM) and incubated for 5 h. After treatment, cells were washed 



 
147 

 

and adjusted to 6.25 x 105 cells/ml in PBS. Then, cells (1.6 x 104) were 

suspended in 75 µL pre-warmed low melting point agarose (A4018, Sigma) 

and 50 µL of the suspension were rapidly spread on microscope slides and 

covered with coverslips. After gelling for 30 min at RT, the coverslips was 

gently removed and the slides were put in a tank filled with lysis solution 

(2.5M NaCl, 100mM Na-EDTA, 10mM Tris, 250mM NaOH, 10% DMSO and 

1% Triton X-100; pH= 13) at 4ºC for 1 h. Next, slides were removed from 

the lysis solution and incubated in alkaline electrophoresis buffer (300mM 

NaOH and 1mM Na-EDTA, pH= 13) at 4ºC for 20-30 min. Electrophoresis 

was then carried out in a fresh-made electrophoresis buffer for 15 minutes 

at 20 V and 400 mA in dark conditions. After electrophoresis, slices were 

gently washed in cold fresh-made neutralization buffer (0.4M Tris-HCl 

buffer, pH 7.5) for 10 min and allowed to dry overnight at RT in dark 

conditions. Finally, gels were stained with 7 µL propidium iodide, covered 

with a coverslip and photographed at X400 magnification in a Leica 

DM2500 epifluorescence microscope with a microscope. At least 50 cells 

were assessed for each treatment. Data were analysed using the Open 

Comet TM software (Gyori et al., 2014).  The statistical ANOVA-Tukey test 

was applied (Serpeloni et al., 2008) using the SPSS 15.0 statistics software 

(SPSS Inc. Headquarters, Chicago, IL, USA) in order to compare the results 

obtained for the different treatments and the negative control. 

RESULTS 

SMART test 
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The results of genotoxicity and antigenotoxicity are shown in Table 1. All 

the assayed compounds were non genotoxic after larval feeding at all 

tested concentrations. Both Allium vegetables showed no differences 

compared with water control in single and total spots. Both concentrations 

of garlic and the higher concentration of DADS induced mutation rates 

even lower, but non-significant, than the negative control. Positive control 

(H2O2) resulted mutagenic as expected (0.37 total spots/wing) agreeing 

with our previous results (Fernández-Bedmar et al., 2011; Romero-Jimenez 

et al., 2005). The antigenotoxic potency of Allium sp. vegetables, DPDS and 

DADS against H2O2 exhibited a clear positive dose-response effect (Figure 

1). The inhibition percentages values ranged from 33% and 70% for onion, 

19% and 59% for garlic, 32% and 46% for DPDS, 40% and 95% for DADS. 
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Table1. Genotoxicity and antigenotoxicity results obtained in the 
SMART test in flies fed with different concentrations of the tested 
compounds in single and combined (with H2O2) treatments.  
Compounds N Small spots  

(1-2 cells) 
Large spots  
(˃2 cells) 

Twin spots Total spots 

Controls 

H2O  40 0.10 (4)
a 

0 0 0.10 (4) 

H2O2(0.12M) 40 0.30 (12) 0.05 (2) 0.02 (1) 0.37 (15)** 

Onion (mg/mL) 

0.625 40 0.17 (7) 0 0 0.17 (7)ns 

5 38 0.08 (3) 0.03(1) 0 0.10 (4)ns 

0.625 + H2O2 40 0.20 (8) 0 0.05 (2) 0.25 (10)ns 

5 + H2O2 38 0.08 (3) 0 0.03 (1) 0.11 (4)ns 

Garlic (mg/mL) 

0.625 40 0.07 (3) 0 0 0.07 (3)ns 

5 40 0.05 (2) 0 0 0.05 (2)ns 

0.625 + H2O2 40 0.27 (11) 0 0.02 (1) 0.30 (12)* 

5 + H2O2 40 0.15 (6) 0 0 0.15 (6)ns 

DPDS (mM) 

4 40 0.22 (9) 0.02 (1) 0.02 (1) 0.27 (11)ns 

33 40 0.07 (3) 0.07 (3) 0 0.15 (6)ns 

4 + H2O2 40 0.20 (8) 0.05 (2) 0 0.25 (10)ns 

33 + H2O2 40 0.17 (7) 0.02 (1) 0 0.20 (8)ns 

DADS (mM) 
     

4 40 0.15 (6) 0 0 0.15 (6)ns 

34 26 0.04 (1) 0 0 0.04 (1)ns 

4 + H2O2 40 0.20 (8) 0.02 (1) 0 0.22 (9)ns 

34 + H2O2 40 0.02 (1) 0 0 0.02 (1)ns 

a: number of spots per wing, N: number of wings; ns: non-significant (p˃.005), *: Statistically 
significant compared with the control (p≤0.05), **: highly  significant compared with the control ( 
p≤0.01). (non-parametric U test of Mann, Whitney and Wilcoxon; (Frei and Würgler, 1995). 
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Figure 1 Mutagenicity inhibition percentages produced by the tested 
compounds against H2O2 –DNA induced damage (Drosophila 
melanogaster model).  

 

Longevity assays 

Flies’ survival curves for all treatments are plotted in Figure 2. Allium 

species, DADS and DPDS had no positive effects on flies’ lifespan. In 

general, a lifespan reduction was observed in all the tested compounds, 

but results were significantly lower at high supplementation levels. In 

onions, only two higher concentrations (2.5 and 5 mg/mL) decreased the 

mean lifespan by 13 and 8% respectively, but only highest concentration 

was significant (Table 2). Flies fed with DPDS, onion most distinctive active 

compound, decreased the lifespan in a dose-dependent manner, but only 

supplementation with 8, 16 and 33 mM were significant. On the other side, 

garlic and DADS showed a similar effect, being only the highest 

supplementation (5 mg /mL and 34 mM) the only one that significantly 

decreased the flies´ lifespan. Healthspan is the healthy adult period of 

unimpaired life that precedes functional decline (Lee et al., 2010). It is  
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Table 2. Effects of the tested compounds at different concentrations 
on the Drosophila melanogaster mean lifespan and healthspan. 

 
Mean lifespan 

(days) 
Mean 

lifespan 
difference 

(%)
a 

Health-span 
(75

th
percentile) 
(days) 

Health-span 
difference   

(%)
a
 

 

Onion (mg/mL)    
Control 92.24±3.58 0 64.37±3.75 0 
0.625 95.77±3.45 4 71.29±3.26 11 
1.25  92.83±3.36 1 73.00±5.60

 
13 

2.5  80.31±4.69 -13 50.71±2.97* -21 
5  84.47±3.48* -8 57.37±3.87 -12 
Garlic (mg/mL)     
Control 81.25±4.57 0 51.14±4.31 0 
0.625 79.51±3.30 -2 58.83±1.76

 
15 

1.25 76.21±4.46 -6 47.29±3.73
 

-7 
2.5 77.68±3.35 -4 53.57±3.48

 
5 

5 46.83±1.78*** -42 36.30±0.843***
 

-29 
DPDS (mM)     
Control 91.63±2.06 0 77.37±1.05 0 
4 89.58±2.39 -2 73.00±2.80

 
-6 

8 84.23±2.38* -8 67.12±2.69**
 

-13 
16 82.25±3.23* -10 64.20±6.63*

 
-17 

33 78.38±3.52* -14 52.12±4.02*** -33 
DADS (mM)     
Control 88.00±2.26 0 73.11±2.40 0 
4 84.64±3.01 -4 68.00±3.34

 
-7 

8 88.83±2.36 1 75.22±2.50 3 
17 86.21±3.27 -2 62.87±3.96* -14 
34 59.78±5.45*** -32 40.00±2.00*** -45 
a
 Difference between treated flies and the concurrent negative control (water) in percentage. 

Positive results indicate that lifespan was increased and negative results indicate that 
lifespan was decreased. Statistical significance: * = p ≤0.05, ** = p ≤0.01, *** = p ≤ 0.001 (log-
Mantel-Cox test)  
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Figure 2. Effect of the tested compounds in the life span of Drosophila 
melanogaster flies fed with the tested compounds. 
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important to consider the quality of a prolonged life and for this reason 

healthspan is a new focus in aging research. Like lifespan indexes, 

healthspan was also adversely affected by all tested compounds. The 

higher concentrations of the tested substances included in the Drosophila 

supplemented diets (onion: 2.5 mg/mL; garlic: 5 mg/mL; DPDS: 8, 16 and 

33 mM; DADS: 17 and 34 mM) significantly decreased the mean 

healthspan. DPDS decreased the mean healthspan in a dose-dependent 

manner (Table 2). It is noteworthy that there is a general agreement 

between lifespan and healthspan results.  

Cytotoxicity and proapoptotic assays 

The cytotoxic effects of Allium vegetables and their distinctive compounds 

(DADS and DPDS) on the survival of HL60 cells are shown in Figure 3. Garlic 

and DADS exerted a cytotoxic effect on cell growth in a positive dose-

dependent manner after 72 h of incubation, with IC50 of 0.003 mg/mL and 

0.06 mM respectively. Nevertheless onion cytotoxic effect on HL60 cell was 

slight, reaching only a 30% of grow inhibition. DPDS showed to be cytotoxic 

with a high IC50 (0.25 mM). 

Figure 4 shows the results of proapoptotic effects of different 

concentrations of garlic, onion, DADS and DPDS in HL60 cells measured as 

internucleosomic programmed fragmentation (Masuda et al., 2015). DNA 

fragmentation was observed at all tested concentrations of garlic (0.002-

0.0625 mg/mL) in a dose-depend manner and at the highest 

concentrations of DADS (0.1, 0.2 and 0.4 mM). Nevertheless, no DNA 
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internucleosomal fragments were induced neither by onion nor by DPDS at 

the assayed concentrations. 

 

Figure 3 Viability of HL60 cells treated during 72 hours with different 
concentrations of onion, garlic and their respective organosulfur 
compound, DPDS and DADS. Curves are plotted as mean percentages 
with respect to the control (three independent replicates). 
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Figure 4. Internucleosomal DNA fragmentation of HL60 cells after 5 h-
treatments with different concentrations of garlic, DADS, onion  and 
DPDS. 
 
 

 
 

 
Garlic (A): Control (lane 1), 0.002 mg/mL (lane 2), 0.004 mg/mL (lane 3), 0.008 mg/mL (lane 4), 0.016 
mg/mL (lane 5), 0.03 mg/mL (lane 6), 0.06 mg/mL (lane 7). DADS (B): Control (lane 1), 0.0125 mM 
(lane 2), 0.025 mM (lane 3), 0.05 mM (lane 4), 0.1 mM (lane 5), 0.2 mM (lane 6), 0.4 mM (lane 7). 
Onion (C): Control (lane 1), 0.002 mg/mL (lane 2), 0.004 mg/mL (lane 3), 0.008 mg/mL (lane 4), 0.016 
mg/mL (lane 5), 0.03 mg/mL (lane 6), 0.06 mg/mL (lane 7). DPDS (D): Control (lane 1), 0.0125 mM 
(lane 2), 0.025 mM (lane 3), 0.05 mM (lane 4), 0.1 mM (lane 5), 0.2 mM (lane 6), 0.4 mM (lane 7). 

 

 

DNA single strand breaks 

Both vegetables induced a significant (p≤0.001) increase in the TM 

parameter at all tested concentrations. On the contrary, only DADS -garlic 

most important organosulfur- was able to induce a significant (p≤0.01) 

increase of this parameter at 28 and 56 µM (Figure 5). 
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Figure 5. HL 60 DNA integrity after 5 h-treatment with different 
concentrations of the tested compounds. Data is expressed as TM 
parameter (comet assay; (Olive and Banáth, 2006); mean value of three 
independent replicates). Statitiscall significance compared with negative 
control: *** = p ≤ 0.000, ** = p ≤ 0.01 and * = p ≤ 0.05. 

 

   
 

 

   
 

 

 

DISCUSSION 

Garlics and onions have been traditionally used as food sources around the 

world over the centuries. Their health benefits, such as the prevention of 

cardiovascular diseases, cancer and even aging, probably helped to their 
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widespread and maintenance in different cuisines and countries (Corzo-

Martínez et al., 2007). Despite their popularity there are scarce systematic, 

integrate and multifocal studies assessing the genotoxicity, 

antigenotoxicity, and health-span effects as well as their cytotoxicity and 

pro-apoptotic properties against cancer cells of these vegetables and even 

less assessing their distinctive organosulfur compounds (DADS and DPDS.  

In vivo studies at the DNA and individual level (genotoxicity, 

antigenotoxicity and longevity) were carried out using Drosophila 

melanogaster flies. This specimens are widely used as a genetic animal 

model due to its homology with several mammal models in biological, 

physiological and neurological traits (Jones and Grotewiel, 2011; Reiter et 

al., 2001). It was demonstrated that more than 70 % of human disease-

causing genes have a functional homolog in this fly model, and it was also 

largely used to evaluate the genotoxicity of different compounds due to its 

accuracy (Mukhopadhyay et al., 2004; Siddique et al., 2005). Carcinogen 

and chemopreventive molecules present in the food should be taken into 

account and evaluated in every complex mixture destined to alimentation. 

Genotoxic assays are considered as the first step in the screening of these 

components. Our vegetables were previously determined as a non-

mutagenic in S. thyphimurium (Ames assay) (Martínez et al., 1999). 

Drosophila wing spot test is an ideal system to evaluate complex mixtures 

like foods. To our knowledge, this is the first time to characterize the 

genotoxic effect of garlic, onion and two representative organosulfur 

present in their matrixes (DADS and DPDS respectively) using Drosophila 

model. Garlic was non-genotoxic at the assayed concentrations compared 
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to control, as it was also previously described by Shukla and Taneja (2002) 

and Abraham and Kesavan (1984). In these studies was demonstrated that 

aqueous garlic extracts (5% v/v) and fine garlic powder (7.5, 5 and 2.5 g/Kg 

body weight) supplementation did not induced chromosomal aberrations 

or DNA damage in mouse bone marrow cells. Same results were obtained 

by Sowjanya et al. (2009) at 3, 6 and 12 mg/culture in human lymphocytes 

and by Chughtai et al. (1998) (extracts of fresh garlic bulbs) in yeast. In the 

case of onion, non-genotoxicity was found at the tested concentrations 

(0.625 and 5 mg/mL). These results are in agreement with those obtained 

by Kulkarni et al. (2010) in several Salmonella strains. In the same way, 

DPDS and DADS, the active principles of garlic and onion, were non-

genotoxic in our SMART trials. Nevertheless, previous reports showed 

different results. As example, Musk et al. (1997) demonstrated that DADS 

induced both chromosome aberrations and sister chromatid exchanges 

(genotoxic effects) exhibiting activity at concentrations below 0.07 mM in a 

Chinese hamster ovary cell line. However, this controversy could be 

partially explained due to methodological differences and the 

concentrations tested. Controversial results are commonly found for a 

single molecule when tested in different assays and in vivo carcinogenic 

trials are needed.  

Despite the fact that onions are widely employed in the human diet, the 

number of genotoxicity studies carried out of DPDS is scarce being the first 

time to test the genotoxic and antigenotoxic effects of this compound 

using in vivo models (Guyonnet et al., 2000b, 2001b). The lack of 

genotoxicity activity in Allium vegetables, DADS and DPDS at assayed 
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concentrations in the Drosophila eukaryotic model confirm their safe use 

as no controversial results are available. 

One of the strategies for coping with the genotoxic carcinogens, is to 

identify effective antimutagens and anticarcinogens in order to increase 

man´s exposure to them as a way for decreasing the cancer incidence 

(Ramel et al., 1986). This is the second step in the search of real nutraceutic 

substances. In our case, antigenotoxicity assays were conducted using 

hydrogen peroxide as positive genotoxicant model since this compound is 

able to induce somatic mutation and mitotic recombination in Drosophila 

melanogaster (Romero-Jimenez et al., 2005) and several well documented 

effects in the DNA integrity and stability. 

Desmutagenic activity of garlic and different types of garlic extracts was 

described previously in several induced mutagenesis models. It was 

demonstrated that garlic water garlic protected mice strains against the 

genotoxic effects of gamma-radiation (Singh et al., 1996) and also exerted 

different antimutagenic effects in mice by modulating the genotoxicity 

induced by cyclophosphamide human lymphocytes in a dose dependent 

manner (Shukla and Taneja, 2002; Sowjanya et al., 2009). In the same way, 

methanolic and ethanolic garlic extracts prepared by different processing 

methods (raw, grilled, pickled), showed inhibitory activities on H2O2-

induced DNA damage in human leukocytes using the comet assay (Kim et 

al., 2010) and reduced the chromosomal aberrations rate induced by 

DMBA in mice bone marrow (Sengupta et al., 2002). In flies, raw garlic 

methanolic extracts reduced the urethane mutagenicity in both standard 

and high bioactivation Drosophila melanogaster crosses (Aunanan and 
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Kangsadalampai, 2010). Our results are in agreement, demonstrating that 

garlic behaves as an important antigenotoxine. This activity was probably 

due to the DADS content, since it inhibited the 95% of the mutagenic 

damage induced by H2O2 when it was tested acting as a simple molecule. 

This was proposed previously in several reports indicating the protective 

effect of DADS against mutagenic substances such as BPDE ((+)-anti-7β,8α-

dihydroxy-9α,10α-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene), SO (styrene 

oxide) and and 4-NQO (Guyonnet et al., 2001a), aflatoxin B1 (AFB1) and N-

nitrosodimethylamine (NDMA) in rat livers (Le Bon et al., 1997) and NMDA 

and NPYR in HepG2 cells (Arranz et al., 2007b).  

Similar results were reported on the desmutagenic activity of onions. 

Ethanolic extracts showed a strong inhibitory effect against NDBA (Ames 

test) (Ikken et al., 1999) and Welsh onion juice suppressed the mutagenic 

activity of BaP and 4QNO and reduced the number of DMBA-induced 

chromosome aberrations in bone marrow cells of rats (Ito et al., 1986). 

Furthermore, onion supplementation protected Drosophila melanogaster 

flies against urethane-induced DNA damage (Aunanan and 

Kangsadalampai, 2010). Our findings agree with those reports since onion 

supplementation reduced the mutagenic effects of H2O2 near to 65% at the 

higher concentration tested. In the same way, DPDS, showed an important 

desmutagenic activity when it was tested as an individual molecule. But 

unlike the results obtained in garlic, its effect was lower acting as a single 

molecule than the assessed in onions.  In this sense, DPDS strongly 

increased dimethyl nitrosamine (DMN) mutagenicity in Salmonella 

typhimurium (Guyonnet et al., 2000a) and reduced NPYR/NDMA-induced 
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oxidative DNA damage in HepG2 cells at 5 µM (Arranz et al., 2007b). Our 

DPDS antigenotoxic results are in agreement with those obtained by other 

authors. In our study, we demonstrated that Allium vegetables have a 

protective role against H2O2 induced damage using the Drosophila 

melanogaster animal model for the first time. This effect could probably be 

due to the ant oxidative properties its well-known scavenging potential 

against free-radicals of their respective organosulfur compounds 

(Benkeblia, 2005; Imai et al., 1994; Prakash et al., 2007), since same results 

were observed in the vegetables and simple molecule assessments.  

Longevity assays are one of most simple and efficient methodological 

approaches to evaluate the aging and anti-aging capabilities of simple 

compounds and complex mixtures of higher organisms. Drosophila 

melanogaster is considered an very useful genetic model on aging research 

since its similarities with humans metabolic pathways controlling nutrient 

uptake, storage and metabolism (Anh et al., 2011; Zhang et al., 2014). In 

addition, this model has a short lifespan compared with similar in vivo 

models, reducing the experimental periods.  

To our knowledge, this is the first assessment on the effect of onions, DADS 

and DPDS on the D. melanogaster lifespan and one of the few existent 

assessing this effect in garlics (Lei et al. (2014). Both vegetables and their 

compounds significantly decreased the flies´ mean lifespan at their highest 

concentrations, as well as at lower concentrations in DADS. Our results fit 

with the hypothesis that individual organosulfur compounds are 

responsible for the reduced viability of the insects, since results between 

vegetables and their compounds are similar. However, previous reports 
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showed beneficial effects of garlic extracts on animal lifespan, including D. 

melanogaster and C. elegans (Huang et al. (2015). Those differences could 

be explained since raw garlic was used in our study and previous reports 

evaluated garlic extracts. In this sense, Prowse et al. (2006), demonstrated 

that garlic juice had insecticidal activity across life stages of flies at a wide 

range of concentrations (0.25-5 %) in two dipteran pests (Delia radicum 

and Musca domestica). It is noticeable that high doses are only used for 

medicinal purposes in acute treatments in humans (Penner et al., 2005). 

Hence, high doses of garlic would not be advisable for long term 

treatments purposes. Nutraceuticals or dietary supplements tend to 

deliver the bioactive compounds at dosages that exceed what could be 

naturally obtained from foods. These results agree with the fact that 

similar effects on lifespan were caused by garlic, onion, DADS and DPDS in 

our D. melanogaster experiments, being these effects more marked in 

garlic and DADS treatments. 

Our results showed that only garlic and DADS have a strong cytotoxic effect 

and induce a clear DNA pro-apoptotic internucleosomal fragmentation 

against HL60 cells. Previous reports demonstrated that garlic and DADS 

exerted a chemopreventive effect through different pathways: (i) by 

increasing apoptosis and Bcl-2 expression and decreasing p53 protein and 

Bax expression in lung cancer cells (NCI-H1299)(Hong et al., 2000); (ii) by 

increasing intracellular ROS in A549 cells (Wu et al., 2005); (iii) by inhibiting 

cell proliferation in CaCo-2 and HT-29 cells repressing histone deacetylase 

activity and histone hyperacetylation and increasing the p21(waf1/cip1) 

expression (Druesne et al., 2004) and (iv) by inducing apoptosis through 
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activation of caspase-3 expression in HL60 (Kwon et al., 2002). In addition, 

Yang et al. (2009), observed that supplementation of different DADS 

concentrations (0.5, 10 and 25 µM) had a proapoptotic effect in COLO 205 

cell line through induction of reactive oxygen species and caspase cascade. 

On the contrary, the molecular mechanism for the cytotoxic effect of onion 

and DPDS is relatively weak and less explained which fits with our results. 

In this sense, Sundaram and Milner (1996a) demonstrated that DPDS (100 

µM) was an inefficient molecule to inhibit the cell growth and to induce 

programmed cell death in tumour cells (HCT-15). However, Wu et al. 

(2006) suggested that onion oil induces cell cycle arrest and apoptosis 

through ROS production in A549 cells. Our studies performed evaluating 

the properties of raw onion samples and DADS confirmed that their 

chemopreventive properties are weak despite type of sample employed.  

In this sense, it was been proposed that the carcinogenic inhibition 

mechanism of DADS is mediated through a modulation of cytochrome 

P450–dependent monooxygenases and/or the acceleration of carcinogen 

detoxification by upregulating phase II-enzymes (Chun et al., 2001; Iciek et 

al., 2009).  

 

DNA internucleosomal fragmentation is believed a hallmark of apoptosis, 

although his alone should not be considered as a criterion for assessing 

apoptotic cell death (Cohen et al., 1992). The mutagens can induce single 

and double strand breaks and play an important role in the pathogenesis of 

cancer (Ames, 1989; Halliwell and Aruoma, 1991). In order to test the 
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ability of the tested substances to induce DNA breaks in HL60 cells, it was 

used the single cell gel electrophoresis assay, also known as “comet test”.  

For this reason we performed for the first time a study of DNA-damage 

induced by garlic, onion, DADS and DAPS using the alkaline “comet assay” 

in HL60 leukemic cells as a complementary test to quantify the extent of 

the DNA  damage induced by  our compounds (Olive and Banáth, 2006). 

Single cell electrophoresis gel (comet) has been used widely to detect 

natural substances which are able to induce DNA damage in cancer cells 

(Balasenthil et al., 2002; Cardile et al., 2002), being the tail moment (TM) 

an accurate parameter to quantify the DNA migration and thus, the DNA 

fragmentation status (Olive and Banáth, 2006). With this parameter we 

differentiated apoptosis-induced from necrosis-induced DNA damage (a 

TM˃30 is considered as an indicator of apoptosis and a TM between 5 and 

30 is considered as a necrotic process (Fairbairn and O’Neill, 1995)).   

Our results showed that garlic and onion induced DNA damage in HL60 by 

necrosis (TM <2). These results are agreement with the results obtained in 

cytotoxicity and DNA-fragmentation assays. 

Arranz et al. (2007b) assaying higher concentrations of DADS (˃5 µM), 

showed DNA damage in HepG2 cells in the alkaline comet assay. However, 

controversial results were also reported by (Belloir et al., 2006), suggesting 

that DADS was not genotoxic at concentrations between 5-100 µM in the 

same in vitro model.  

Our results with DPDS disagree with those obtained by Arranz et al. 

(2007b), who also showed that DPDS could act in a positive dose-
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dependent manner since the higher concentrations tested (˃5 µM) caused 

DNA damage in HepG2 cells (data not shown) by comet assay. 

In conclusion, our experimental results provide the evidence that (i) garlic, 

onion DADS and DPDS are safe and antigenotoxic against oxidative 

mutagens in a dose dependent manner. (ii) The decrease of lifespan in 

some highest concentrations of all compounds is a confirmation that in 

long term consumption of our tested compounds are safe only at low 

concentrations in a Drosophila model. (iii) Garlic exerted a clear 

chemopreventive activity, being its distinctive organosulphur DADS the 

most probable cause of such as activities. (iv): The slight cytotoxic effect of 

onion is probably mediated by non-apoptotic mechanism and (v) 

supplementary studies are necessary to clarify the cell death pathway 

against garlic and DADS 
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CAPÍTULO IV: New Targets on the Biological Activities 

of Lycopene and Tomato. 
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ABSTRACT 

Tomato constitutes a worldwide important crop and an essential part of 

the now a day’s human diet. There are many researches based on the use 

of tomato for prevention at cardiovascular level. Nevertheless tomato 

anticancer studies are scarce. The aim of the present study was to evaluate 

the nutraceutical potential of tomato as well as lycopene and to consider a 

new nutraceutical value for this fruit regarding to the protection against 

genetic damage and as chemo-preventive agent. To this purpose, we 

assessed on the genotoxicity, anti-genotoxicity and lifespan properties of 

this vegetable and its representative carotenoid using a Drosophila in vivo 

model (wing spot test) and the cytotoxic and pro-apoptotic activity 

(internucleosomal DNA fragmentation and DNA strand break) using HL60 in 

vitro model. Results showed that i) Tomato and lycopene are safe and 

antimutagenic against H2O2-induced damage; ii) Respect to the lifespan, 

tomato and lycopene are harmless at the lowest concentration. In general, 

both lifespan and healthspan reductions by lycopene are highest than 

tomato; iii) Tomato is cytotoxic in a dose-dependent manner, lycopene 

although it is not; iv) Tomato and lycopene do not induce DNA-

fragmentation but they induce significant clastogenic activity at low level in 

the leukaemia cells.  

Based on the protection of the oxidative DNA damage and the possible 

chemo-preventive activity, tomato is the best candidate to be considered 

as nutraceutical substance. Furthermore, synergistic action of other 

components within tomato matrix could be the cause of the health effects 

observed in this vegetable, which are not fully explained by lycopene. 
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INTRODUCTION 

The role of the diet and nutrition as determinants of chronic diseases is 

well recognized (Who and Consultation, 2003).Palaeolithic diet is an 

ancestral diet which its principal components are lean meat, fish, 

vegetables, fruits, roots, eggs and nuts and processed foods as olive oil are 

excluded (Klonoff, 2009). This ancestral diet has higher antioxidant content  

than current diets (Benzie, 2003) being considered as a good model to 

prevent age-related degenerative diseases (Lindeberg et al., 2003). For this 

reason, Mediterranean diet due to its similar components respect to this 

ancestral diet is an extend focus of researches. 

Worldwide, tomato constitutes an important crop and an integral part of 

the now a day’s human diet. Its worldwide production for 2013 was 

estimated in 163,963,770 tones according FAO (2015). Furthermore, 

according to the European Commission (2014), tomato was the first 

vegetable crop in Europe with an estimated production of 14.9 million 

tonnes in 2013, of which approximately two thirds came from Italy and 

Spain. The wild relatives of the cultivated tomatoes descent  from America 

and were introduced in Europe on the sixteenth century (1540 in Spain) 

(Peralta and Spooner, 2006). This vegetable contains many bioactive 

molecules, including those that act as antioxidants, such as ascorbic acid, 

vitamin E, carotenoids, flavonoids and phenolic acid (Toor and Savage, 

2005). Tomato fruit has assumed the status of functional food due to the 

association between its consumption and a reduced likelihood of certain 
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types of cancers and cardiovascular diseases (Canene-Adams et al., 2005; 

Palozza et al., 2009; Silaste et al., 2007; Willcox et al., 2003). This vegetable 

is not genotoxic in Drosophila melanogaster (Dutra et al., 2009), reduces 

the mutagenicity induced by aflatoxin B1 (AFB1), benzo[a] pyreno (BaP), 

cyclophosphamide (CP) and 2-amino-3-methylimidazo [4,5-f] quinolone 

(IQ) in S. typhimurium (Rauscher et al., 1998; Rodríguez-Muñoz et al., 

2009), protects against 7,12 dimethylbenz[a]anthracene (DMBA) and N-

methyl-N-nitro-N-nitrosoguanidine (MNNG)-induced genetic damage in 

mice (Bhuvaneswari et al., 2004; Velmurugan et al., 2004a), has an 

anticarcinogenic effect in Swiss albino and C57 Bl mice (Agrawal et al., 

2009) and is cytotoxic in different cancer cell lines (Friedman et al., 2009) 

Lycopene is one of over 600 carotenoids found in nature. The richest 

source of lycopene in the diet is tomato and tomato derived products. 

Lycopene content  ranged in fresh tomato from 0.85 mg/100 g to 13.6 

mg/100g (Lugasi et al., 2003). This molecule is the most predominant 

carotenoid in human plasma but its level is affected by several biological 

and lifestyle factors. Lycopene decreases the risk of chronic diseases such 

as cancer and cardiovascular diseases (Agarwal and Rao, 2000). It is a 

potent antioxidant and has a singlet-oxygen-quenching ability twice as high 

as that β-carotene (Di Mascio et al., 1989). Lycopene is not genotoxic 

(Velmurugan et al., 2004b); modulates the toxicity and genotoxicity of 

different genotoxines, such as H2O2, n-nitrosodiethylamine (DEN) and AFB1 

(Reddy et al., 2006; Scolastici et al., 2008); increases the longevity (DAI et 

al., 2008; Hu et al., 2013); inhibits the cell growth and  induces apoptosis of 

different malignant cell lines (Hantz et al., 2005; Salman et al., 2007). 
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The aim of the present study was to evaluate the nutraceutical potential of 

tomato as well as lycopene, the main carotenoid presents in this complex 

matrix and to consider a new nutraceutical value for this fruit regarding to 

the protection against genetic damage and as chemo-preventive agent. 

This is the first step in the research of preventive processes. To this 

purpose, we determinate the genotoxicity, anti-genotoxicity and lifespan 

properties of this vegetable and its representative carotenoid using 

Drosophila in vivo model and the cytotoxic and apoptotic effect using HL60 

in vitro model. 

MATERIAL AND METHODS 

Preparation of selected samples 

Tomato fruits were purchased in a local market, thoroughly washed with 

tap water and rinsed with distilled water, cut in slim slices and freeze-dried 

at -80ºC for 3 days. After that, the tomato samples were lyophilized, 

pulverized with a mortar pestle, sieved and stored at 25ºC in dark until use. 

Lycopene, the selected single compound, was purchased from Sigma (Cat. 

Number 068K5166), solved in ethanol and filtered before use.  

No official recommendations for tomato intake were found. For this 

reason, the tomato concentration range was calculated considering that 

tomato is one component of the total intake vegetable (approximately 

10%). The tomato concentrations were established taking into account the 

average daily food intake of Drosophila melanogaster (1mg/mL) and the 

average body weight of this genetic animal model (1 mg). 
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In vivo assays 

Drosophila melanogaster strains 

In vivo studies (genotoxicity, antigenotoxicity and longevity) were carried 

out in Drosophila melanogaster, a widely employed genetic animal model 

due to its homology with mammal models in biological, physiological and 

neurological properties, being an ideal model to the evaluation of complex 

mixtures and foods. Furthermore, about 75 % of human disease-causing 

genes are believed to have a functional homolog in the fly (Jones and 

Grotewiel, 2011; Reiter et al., 2001). In addition, Drosophila melanogaster 

has a short lifespan compared with similar in vivo models, reducing the 

experimental periods and  finally it has similar human metabolic pathways 

controlling nutrient uptake, storage and metabolism (Anh et al., 2011; 

Zhang et al., 2014). For these reasons D. melanogaster is a good model that 

can help to understand aging in other animals including human. 

Fly strains and maintenance 

Two fly strains carrying visible hair markers in the third chromosome were 

used in our experimental design: 

 mwh/mwh (multiple wing hair strain), mwh marker (mwh, 3_0.3) is 

a recessive mutation which produces multiple tricomas per cell 

instead of one (Yan et al., 2008). 

 flr3/ln (3LR) TM3, ripp sep bx34e es Bds (flare strain), flare marker (flr3, 

3_38.3) is a homozygous recessive lethal mutation which produces 

deformed tricomas but is viable in homozygous somatic cells once 

larvae start the development (Ren et al., 2007). 
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Both strains were maintained at 25ºC and 80% humidity in glass tubes 

with homemade meal (0.5 g NaCl, 12 g agar-agar, 100 g yeast, 25 g 

sucrose, 5 mL propionic acid, 3.5 mL of a 0.2% sulphate streptomycin 

solution and 1 L distilled water) making changes three times per week. 

Virgin females were obtained from these tubes and then were crossed 

in order to perform the crosses for the different assays. 

Genotoxicity and Antigenotoxicity assays  

Genotoxicity assays were carried out following the method described by 

Graf et al. (1984) using pure water as negative control. Briefly, 200 

optimally virgin females (4 days old) of flr3 strain were crossed with 100 

males of mwh strain during 8 hours. After 72 h, F1 transheterozygous 

larvae were collected, washed with distilled water and placed in the 

treatment tubes where they were fed chronically with the different tested 

samples. The treatment tubes contained 0.85 g of Drosophila Instant 

Medium and 4 mL of solutions with different tested concentrations of the 

sample of interest (0.625, 1.25, 2.5 and 5 mg/mL for tomato and 7, 14, 28 

and 56 µM for Lycopene). 

The antigenotoxicity assays were similar to genotoxicity assay but all the 

treatment used in genotoxicity were concurrently supplemented with H2O2 

(0.12 M) as positive genotoxicant control. The emerged adults in each 

group were finally stored in 70 % ethanol until the wings were mounted to 

the scrutiny of the mutations. 
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Mutation scoring 

Wings of trans-heterozygous individuals (mwh flr+/mwh+ flr3) of each 

control and concentration were mounted on slides with Faure´s solution. 

Both ventral and dorsal surfaces of the wings containing 22,000 cells were 

inspected under a photonic microscope at 400x magnification. Similar 

number of male and female wings was mounted. On marker-heterozygous 

wings, two types of spots were observed: (i) single spots (mwh and flr3), 

which are produced by somatic mutation, chromosome aberration as well 

as mitotic recombination, and (ii) twin spots (mwh and flr3 in the same 

clone), which are produced exclusively from mitotic recombination.  

Data evaluation and statistical analysis 

Three type of spots were classified: small single spots (1-2 cells), large 

single spots (˃2 cells) and twin spots (Graf et al., 1984). Evaluation of the 

genotoxicity of tomato and lycopene was based on the comparison of 

frequencies of the total spots per wing between treatment group and the 

negative control. The statistical significance of the results was determined 

with a multiple-decision procedure and was applied to determine whether 

a result is positive, inconclusive or negative (Graf et al., 1998). Inconclusive 

and positive results were analyzed with the non-parametric U-test of Mann 

Whitney and Wilcoxon, with significance levels α = β = 0.05. The inhibition 

percentage (IP) were calculated from total spots per wing with the 

following formula (Abraham, 1994): 

IP = [(single genotoxine – combined treatment/ single genotoxine] x 100 
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Lifespan and healthspan assays  

In order to obtain comparable results, we selected animals which exhibited 

the same genotype as in the genotoxicity assays. The F1 individuals 

obtained from mwh and flr3 parental strains by egg laying of 24 h in yeast 

was used. These assays were carried out at 25ºC. Briefly, synchronized 

trans-heterozygous 72±12 h larvae were washed and transferred into 

groups of 100 individuals in vials with a mixture of 0.85 g of Drosophila 

Instant Medium and 4 mL of different concentrations of the two selected 

substances. Emerged adults were collected under CO2 anesthesia and 

placed in groups of 10 individuals of the same sex into sterile vials 

containing 0.21 g of Drosophila Instant Medium and 1 mL of different 

concentrations of the tested compounds. Three replicates were followed 

during the complete life extension for each control and established 

concentrations. The survival number was counted and media renewed 

twice a week. 

Statistical analysis  

The statistical treatment of survival data for each concentration and 

respective control was assessed using the SPSS 15.0 statistics software 

(SPSS Inc. Headquarters, Chicago, IL, USA), applying the Kaplan-Meier 

method. The survival function for each treatment is plotted as survival 

curves. The significance of these was determined using the Log-Rank 

method (Mantel-Cox). 
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In vitro assays  

Cells and cell culture conditions 

Human promyelotic leukaemia cell line (HL60) was provided by Dr. Villalba 

(Department Cell Biology, University of Córdoba, Spain). HL60 cells were 

incubated in RPMI-1640 medium (Sigma, R5886) supplemented with L-

glutamine 200 mM, (Sigma, G7513), antibiotic-antimycotic solution (Sigma, 

A5955) and 10% heat-inactivated foetal bovine serum (Linus, S01805). Cell 

cultures were plated at a 2.5x 105 cells/mL density and passed every 2-3 

days.  

Cell growth inhibition study (cytotoxic activity) 

Cell growth inhibition was carried out using the Trypan Blue dye exclusion 

test (Sigma, T8154). HL60 cells were placed in 96 well culture plates (1x105 

cell/mL) and cultured for 72 h supplemented with a wide range of tested 

concentrations (0.125-4 mg/mL) for tomato and 1.2-44.8 µM for lycopene) 

in CO2 incubator. After incubation period, cells were stained with Trypan 

Blue dye (1:1 v/v) and counted under inverted microscope using a 

Neubauer chamber at 100X magnification. Cell viability curves are 

expressed as the survival percentage of each treatment compared with the 

control. IC50 values (the cytotoxic inhibitory concentration 50) were 

established.  

DNA fragmentation assays.  

HL60 cells (1.5x106 cells/mL) were treated with supplemented medium 

containing different concentrations of tomato and lycopene (as selected in 

the cytotoxic assay) during 5 h. After treatment period, cells were washed 
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with PBS. Genomic DNA was extracted using a commercial DNA-extraction 

kit (Blood Genomic DNA Extraction Mini Spin Kit, Canvax Biotech, Cordoba, 

Spain). Subsequently, a RNase treatment on DNA was carried out overnight 

at 37ºC. Finally, 1500 ng DNA per sample were loaded, electrophoresed in 

a 2% agarose gel for 120 min at 60 V and stained with ethidium bromide. 

Internucleosomal DNA fragmentation was determined by the presence of a 

ladder band patterns with 200 bp multiple fragments under UV light. 

Comet assay: DNA damage evaluation 

The ability of the compounds to produce strand breaks in the DNA 

structure was assessed by the alkaline comet assay according to Olive and 

Banáth (2006) with slight modifications. HL60 cells (5x105 cells) were plated 

in 1.5ml of culture medium supplemented with different concentrations of 

tomato (0.125, 0.25 and 0.5 mg/mL) and lycopene (1.2, 2.4 and 4.8 µM) 

and incubated for 5 h. After treatment, cells were washed and adjusted to 

6.25 x 105 cells/ml in PBS. Then, cells (1.6 x 104) were suspended in 75 µL 

prewarmed low melting point agarose (A4018, Sigma) and 50 µL of the 

suspension were rapidly spread on microscope slides and covered with 

coverslips. After gelling for 30 min at RT, the coverslips was gently removed 

and the slides were put in a tank filled with lysis solution (2.5M NaCl, 

100mM Na-EDTA, 10mM Tris, 250mM NaOH, 10% DMSO and 1% Triton X-

100; pH= 13) for 1 h at 4ºC. The slides were then removed from the lysis 

solution and incubated in alkaline electrophoresis buffer (300mM NaOH 

and 1mM Na-EDTA, pH= 13) for 20-30 min at 4ºC. Electrophoresis was then 

carried out in a fresh electrophoresis buffer for 15 minutes at 20 V and 400 

mA in dark conditions. After electrophoresis, slices were gently washed in 
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cold fresh neutralization buffer (0.4M Tris-HCl buffer, pH 7.5) for 10 min. 

After drying overnight at RT in dark conditions, gels were stained with 7 µL 

propidium iodide and covered with a coverslip. Finally, the slides were 

dried overnight at RT in dark conditions. Gels were then photographed in 

at X400 magnification in a Leica DM2500 microscope. At least 50 cells were 

selected to each treatment and were analysed using the Open CometTM 

software (Gyori et al., 2014).The statistical ANOVA-Tukey test was applied 

(Serpeloni et al., 2008) using the SPSS 15.0 statistics software (SPSS Inc. 

Headquarters, Chicago, IL, USA) in order to compare the results obtained 

for the different treatments with the negative control  

RESULTS 

In vivo assays 

Genotoxic/Antigenotoxic activity of the tested compounds 

Table 1 shows the results obtained with tomato and lycopene in the wing-

spot test using Drosophila standard cross. Negative control (distilled water) 

showed a frequency of mutations per wings of 0.225 which fall into the 

historical range for wing spot test (Fernández-Bedmar et al., 2011; Rojas‐

Molina et al., 2005). The mutation frequencies were higher at both tested 

concentrations than the negative control but no significant results (non-

genotoxic) were yielded in both compounds at all tested concentrations by 

the Mann Whitney U-test. A dose effect was observed in the number of 

total spots per wing. 

Table 1 also shows the results of antigenotoxicity. Hydrogen peroxide is a 

well-known genotoxin. This molecule is able to induce somatic mutation 
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and mitotic recombination in Drosophila melanogaster (Romero-Jimenez et 

al., 2005). H2O2 resulted mutagenic as expected (0.5 total spots per wing) 

falling this mutation rate into the historical normal range published for the 

genotoxic activity of this oxidative molecule (Fernández-Bedmar et al., 

2011). Co-treatments with tomato and H2O2 simultaneously showed a 

dose- 

 

 

 

 

 

 

Table1. Genotoxicity and antigenotoxicity results of tomato and 
lycopene obtained in the Drosophila wing spot test.  
Compounds 

N 
Small spots 
(1-2 cells) 

Large spots 
(˃2 cells) 

Twin spots Total spots 

Controls 
H2O  40 0.15 (6)

a 
0.075 (3) 0 (0) 0.225 (9) 

H2O2(0.12M) 40 0.25 (10) 0.25 (10) 0 (0) 0.5 (20)
* 

Tomato (mg/mL) 
0.625 40 0.225 (9) 0.05 (2) 0 (0) 0.275 (11)ns 
5 40 0.25 (10) 0.125 (5) 0 (0) 0.375 (15)ns 
0.625 + H2O2 40 0.25 (10) 0 (0) 0.025 (1) 0.275 (11)ns 
5 + H2O2 40 0.225 (9) 0 (0) 0 (0) 0.225 (9)ns 
Lycopene (µM) 
7 40 0.175 (7) 0.025 (1) 0 (0) 0.2 (8)ns 
56 40 0.35 (14) 0.025 (1) 0 (0) 0.375 (15)ns 
7 + H2O2 40 0.42 (17) 0 (0) 0 (0) 0.42 (17)ns 
56 + H2O2 40 0.3 (12) 0.05 (2) 0.075 (3) 0.42 (17)ns 

N: number of wings; a: number of spots per wing 
*
: significant (P≤ 0.05); The data were evaluated 

by the non-parametric U-test of Mann, Whitney and Wilcoxon (Frei and Würgler, 1995) 
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Figure 1. Inhibition effects of tomato and lycopene against H2O2-induced 
genetic damage. 

 

dependent inhibitory effect against H2O2-genetic damage, reaching 55 % of 

inhibition at the highest tested concentration (5 mg/mL). Lycopene 

reduced the H2O2-genotoxic effect in the same way at the two tested 

concentrations (7 and 56 µM); the inhibition percentage in both 

concentrations was 16 % (Figure 1). 

Effect of tomato and lycopene on longevity and healthspan 

Tomato and lycopene showed a general negative effect on lifespan of 

Drosophila melanogaster. The dose-effect relationship is illustrated in 

Figure 2. As shown in Table 2, the control group had in both treatments 

(tomato and lycopene) a mean lifespan of 90.1 days. Nevertheless, the 

different treatments decreased the mean lifespan at all tested 
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0.625 mg/mL 
 

7 µM 

5 mg/mL 

56 µM 

0

10

20

30

40

50

60

70

80

90

100

Tomato Lycopene

IP (%) 



 
193 

 

supplementation with 2.5 mg tomato/mL diet significantly decreased the 

mean lifespan by 16%. Lycopene had the same effect on Drosophila 

lifespan, decreasing significantly the mean lifespan at 14 and 56 µM by 20% 

and 16% respectively. 

Figure 2. Survivalcurves of D. melanogaster fed with different 

concentrations of tomato (A) and lycopene (B). 

(A) 

 

(B) 

 

 

0

20

40

60

80

100

0 20 40 60 80 100 120 140

Su
rv

iv
al

 (
%

) 

Time (days) 

Tomato 

% Control

% 0.625 mg/mL

% 1.25 mg/mL

% 2.5 mg/mL

% 5 mg/mL

0

20

40

60

80

100

0 20 40 60 80 100 120 140

Su
rv

iv
al

 (
%

) 

Time (days) 

Lycopene 

% Control

% 7 µM

% 14 µM

% 28 µM

% 56 µM



 
194 

 

Table 2 also shows healthspan results (portion ≥ 75% of lifespan curves). All 

tomato concentrations decreased the average healthspan of flies. 

Nevertheless, only supplementation with 5 mg tomato/mL diet significantly 

decreased healthspan by 16% compared with the control group. In the 

same way, lycopene also significantly decreased healthspan at 14 µM by 

26%. 

 

 

 

Table 2. Effect of different tomato and lycopene treatments on 
the survival time of Drosophila melanogaster. 

 
Mean lifespan 

(days) 
Mean 

lifespan 
difference 

(%)
a 

Healthspan (75
th 

percentile)  

(days) 

Healthspan 
difference 

(%)
a
 

 

Tomato 
(mg/mL
) 

   

Control 90.1±4.07  58.4±5.48  
0.625 82.2±3.79 -9 55.7±2.90 -5 
1.25 88.4±3.49 -2 63.5±0.94 9 
2.5 76.0±3.30

*** 
-16 54.0±2.37 -7 

5 81.2±4.47 -10 49.1±1.63
* 

-16 

Lycopen
e (µM) 

    

Control 90.1±4.07  58.4±5.48  
7 88.2±4.74 -2 57.2±7.97 -2 
14 72.3±4.11

*** 
-20 43.1±4.10

* 
-26 

28 84.1±3.72 -7 58.9±3.28 0 
56 75.4±3.19

** 
-16 55.7±2.54 -5 

a
 The difference was calculated by comparing treated flies to the concurrent water 

control. Positive numbers indicate lifespan increase and negative numbers indicate 
lifespan decrease. *p≤0.05, **p≤0.01, ***p≤0.001significances obtained by using the log 
rank (Mantel-Cox) tests. 
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In vitro assays 

Cytotoxicity assay 

Tomato was able to inhibit the cell growth of the HL60 cell line with a dose-

response effect. Nevertheless, lycopene did not induce any visible cytotoxic 

effect on HL60 tumour cells. The IC50 of tomato was 0.8 mg/mL (Figure 3). 

Figure 3. Cytotoxic effects on HL60 cells at 72 h of treatment. 
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DNA integrity.  

Apoptosis is a major mechanism of cancer suppression. In an attempt to 

determine the mechanism of the cytotoxic effect on HL60 cell line, we 

examined if our compounds could induce programmed cell death. The 

results are shown in Figure 4. DNA fragmentation into nucleosomal 180-

200 bp units was not found in the human promyelocytic leukaemia cells 

when the media was supplemented with different concentrations of 

tomato and lycopene (0.125-4 mg/mL and 1.4-44.8 µM respectively). 

Figure 4. DNA fragmentation induced in HL-60 cells by tomato and 
lycopene. HL60 human leukemia cells were exposed for 5 hours to 
different concentrations of test treatments. DNA was extracted from cells 
and subsequently subject to 2% agarose gel electrophoresis at 50 V for 90 
min.  

 
 
Tomato (A): Control (lane C), 0.125 mg/mL (lane 1), 0.25 mg/mL (lane 2), 0.5 mg/mL (lane 
3), 1 mg/mL (lane 4), 2 mg/mL (lane 5), 4 mg/mL (lane 6). Lycopene (B): Control (lane C), 
1.4 µM (lane 1), 2.8 µM (lane 2), 5.6 µM (lane 3), 11.2 µM  (lane 4), 22.4 µM (lane 5), 44.8 
µM (lane 6). 
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In order to determine the capacity of tomato and lycopene to induce DNA 

single strand breaks was used the alkaline comet assay. Cytotoxic and DNA 

internucleosomal fragmentation results were necessary to decide the 

tested concentrations of each compound. As illustrated Figure 5, all 

concentrations of tomato (0.125, 0.25 and 0.5 mg/mL) and lycopene (1.2, 

2.4 and 4.8 µM) increased the tail moment (TM) parameter with a dose-

response effect. Nevertheless, only the highest tested concentrations of 

tomato and lycopene significantly increased the TM parameter. 

Figure 5. Alkaline single cell gel electrophoresis (pH<13) of promielocitic 
human leukaemia cell line (HL60) after 5h-treatment with different 
concentrations of tomato(A) and lycopene (B). DNA migration is reported 
as mean TM. The plot shows mean TM values, standard errors and 
significance compared to the non-treated control, p ≤ 0.001 (***). 
 

 

  
 

 

DISCUSSION  
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integrative study on the nutraceutical value and safety of tomato and 

lycopene with respect to their biological activities at three individual, cell 

and DNA levels.  

The DNA stability or lack of genotoxicity observed in all concentrations of 

tomato and lycopene confirm their safety to be consumed. These results 

agree with those obtained by Dutra et al. (2009) with aqueous organic 

tomato extract at higher concentrations than ours (100%= 1g/ mL) in the 

same in vivo genetic model. Studies with mice have also demonstrated the 

safe use of tomato paste and tomato juice using micronucleus test (ASITA ET 

AL., 2008; VELMURUGAN ET AL., 2004A). In addition, tomato oleoresins were 

not mutagenic to bacteria at 200, 300 and 400 µM for the TA 100 tester 

strain of S. typhimurium (Rodríguez-Muñoz et al., 2009). It is the first time 

that the safety of lycopene using Drosophila melanogaster in vivo model is 

demonstrated. Lycopene was not found to induce mutations at the tk locus 

in mouse lymphoma cells. Neither this carotenoids induced clastogenic or 

spindle damaging effect in mouse bone marrow (McClain and Bausch, 

2003).  

Studies on molecules or complex mixtures that modulate carcinogen-

induced genotoxic effects in animal models are used to assess the 

antimutagenic or anticarcinogenic properties of putative chemopreventive 

compounds. We determined that all assayed concentrations of tomato and 

lycopene exerted an antignotoxic effect against H2O2-induced damage in 

Drosophila model. Different tomato extracts (n-hexane, dichloremethane, 

acetone and 2-propanol) had antimutagenic effect against aflatoxin B1, 

benzo [a] pyrene, cyclophosphamide and 2-amino-3-methylimidazo 4,5- w 
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x f quinolone-induced DNA damage in S. typhimurium using the Ames test 

(Rauscher et al., 1998). Furthermore Bhuvaneswari et al. (2004) yield 

positive antigenotoxic results of tomato (500 mg/kg body weight) against 

7,12-dimethylbenz[a]anthracene-induced genotoxicity in mice. 

Nevertheless Asita et al. (2008) observed that the tomato juice did not 

have an inhibitory effects against cyclophosphamide-induced genotoxicity 

at different concentrations (0.25, 0.5 and 1 g/mL) in mice. This discrepancy 

can be due to the different genetic background and methods used. 

Lycopene is known as the most effective antioxidant among the 

carotenoids. We agree with the results obtained by other authors. This 

molecule significantly reduced the n-nitrosodiethylamine- and  H2O2-

induced genotoxicity at 10, 25 and 50 µM (Scolastici et al., 2008). Pre-

treatments with lycopene (1.25 mg/Kg) using Wistar rats, significantly 

reduced the frequency of N-methyl-N’-nitro-N-nitrosoguanidine (MNNG)-

induced bone marrow micronuclei and chromosomal aberrations 

(Velmurugan et al., 2004b)  

Also, it is interesting that the antigenotoxic effect of tomato is higher than 

lycopene. This can be due to tomato is a reservoir of diverse molecules 

with an antioxidant activity, such us ascorbic acid, vitamin E, flavonoids, 

phenolic acids and other carotenoids (George et al., 2004; Verhoeyen et al., 

2002). These molecules could be acting synergistly. 

Drosophila melanogaster has been used as a model in aging research for 

decades. Flies are well suited for such studies due to a number of reasons, 

as they share many conserved biological pathways and also because of 
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their relative short life span, tiny body size and easy maintenance (Minois, 

2006). To our knowledge, it is the first time that is studied the anti and 

health-aging of tomato using Drosophila melanogaster as an aging animal 

model. Tomato and lycopene decreased both average lifespan and average 

healthspan at the highest assayed concentrations. DAI et al. (2008) 

observed that lycopene increased the average lifespan in male and female 

flies at 2.5 and 7.5 µg/g. We disagree with these results. This discrepancy 

could be due to the different concentrations used. Furthermore, dietary 

supplementation does not always result in an increased life span (Soh et 

al., 2007; Tasset-Cuevas et al., 2013).  

When a substance is considered as an anti-genotoxic agent, generally 

exhibit chemotherapeutic effects that could be used in the strategy of 

cancer control. Anti-proliferative, proapoptotic and DNA strand break 

capacities are suitable when the healthy effect of antioxidant is assessed. 

Our anti-proliferative activity result was promising for tomato in HL60 

cancer cell model and was in agreement with those results obtained by 

other authors: i) Friedman et al. (2009) determined that different tomato 

extracts had anti-proliferative effect on stomach, liver, breast and colon 

cancer cell lines using MTT assay and ii) Ferreres et al. (2010) showed that 

tomato seed aqueous extract displayed a concentration-dependent cell 

proliferation inhibition against rat basophile leukaemia (RBL-2H3) cell line 

using SBR assay. Although the IC50 obtained by Ferreres et al. (2010) was 

higher (5.9 mg/mL) than the IC50 obtained by our (0.75 mg/mL). This 

discrepancy could be due to the different sample, genetic background and 

assay used.  
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In contrast, lycopene had not cytotoxic effect on HL60 cell line. This result 

is in concordance with those obtained by other authors (Hantz et al., 2005; 

Kotake-Nara et al., 2001). Nevertheless, Amir et al. (1999) demonstrated 

that lycopene had a concentration‐dependent cytotoxic effect in HL‐60 cell 

growth as measured by [3H]thymidine incorporation. 

Salman et al. (2007) and Teodoro et al. (2012) reported that the anti-

proliferative effect of lycopene on tumour cell and its effect on the 

apoptotic rate depends on its dosage and on the type of malignant cells.  

Furthermore, due to the tomato is considered a complex mixture; it is not 

easy to establish which compounds are responsible for the anti-

proliferative effect on HL60 cell line. 

To our knowledge, it is the first time that it is studied the pro-apoptotic 

effect by fresh tomato using DNA fragmentation method. Neither tomato 

nor lycopene showed the typical inter-nucleosomic fragment pattern of 

pro-apoptotic mechanism. Nevertheless, Hwang and Bowen (2004) 

observed that tomato paste hexane extract at 5 µM induced apoptosis in 

prostate cancer cell line (LNCaP) at the late stages of the 24 and 48 h of 

treatment. This discrepancy could be due to the different cancer cell line 

used and the different time of treatment. Respect to the induction of DNA-

fragmentation by lycopene in tumour cells, the results yielded in other 

researches are different depending of the cell line, time of treatment and 

dosages: Salman et al. (2007) reported that lycopene caused an 

enhancement of the apoptotic rate of human colon carcinoma and Raji 

cells at different concentrations (1, 2 and 4 µM for colon carcinoma and 
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only 4 µM for Raji). On the other hand, these authors showed that 

lycopene did not caused apoptosis in human erythroleukaemia and B 

chronic lymphocytic leukaemia cells. Hantz et al. (2005) also demonstrated 

that lycopene (0.3, 1 and 3 µM) induced DNA fragmentation in LNCaP 

human prostate cancer cells at the 72 h of treatment but did not happen at 

the 20 h of treatment.  

Apoptotic mechanism can be occurring in the absence of DNA 

internucleosomic fragment (Cohen et al., 1992). For this reason, we 

performed alkaline SCGE or comet assay in order to detect DNA strand 

breaks, which could help to determine if the cell death occurs against 

apoptotic or necrotic pathway. This hallmark has been used for the 

screening of substances with single DNA-strand break activity for to be 

used in the leukaemia treatment (Yedjou and Tchounwou, 2007). The TM 

parameter is widely used to differentiate apoptosis-from necrosis-induced 

DNA damage: Different  values have been ascribe to TM parameter: TM 

˃30 (hedgehog pattern) indicates apoptotic processes,  necrotic processes 

have a short comet-tail moment where the highest amount of damaged 

DNA remains in the comet head (Fairbairn and O’Neill, 1995). Our results 

showed that the tomato and lycopene DNA-induced damage was probably 

mediated by a necrotic mechanism in HL60 cell line (TM lower than 3). 

These results are in concordance with our anti-proliferative and pro-

apoptotic assays, demonstrating that tomato and lycopene cause an anti-

proliferative effect in HL60 by a necrotic pathway because they had the 

same DNA damage pattern (class 1, 1<TM<5 according to Fabiani et al. 

(2012)). To our knowledge, no report exits on DNA-induced damage against 
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lycopene-induced DNA strand breaks in tumour cells. Respecto to the 

lycopene-induced DNA damage, we disagree with the results obtained by 

Park et al. (2005), who reported that supplementation with lycopene 

during 24 h of treatment induced DNA strand breaks (oxidative DNA 

damage) in the human hepatoma cell line (Hep3B). This discrepancy could 

be due to the different time of treatment and cell line used. 

The different assay carried out to determine the biological activity of food 

or medicinal plants, the distinctive compounds present in the complex 

matrix (the food) mimic the whole food activity. In the case of lycopene, 

this rule is applied. 

Based on the findings of the present study, we conclude that i) Both 

tomato and lycopene are safe (no genotoxic) and antimutagenic compared 

to hydrogen peroxide. Although lycopene is always lesser extend; ii) 

Respect to the lifespan, tomato and lycopene are harmless at the lowest 

concentration. In general, both lifespan and healthspan reductions of 

Drosophila are highest in the case of lycopene; iii) Tomato is cytotoxic in a 

dose-dependent manner, lycopene although it is not; iv) Tomato and 

lycopene do not induce DNA-fragmentation but they induce significant 

clastogenic activity at low level.  

Taking into account the protection of the DNA damage and the possible 

chemo-preventive activity, tomato is the best candidate to be considered 

as nutraceutical substance. We have a case where the additive or 

synergistic action of other components within of the tomato matrix could 
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be the cause of the health effects observed in this vegetable, which are not 

fully explained by lycopene. 
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CAPÍTULO V: Demethylation and Anticarcinogenic 
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ABSTRACT 

Hepatocellular carcinomas (HCC) is one of the most common neoplasia 

representing the fifth most common malignancy worldwide and the third 

most common cause of death from cancer. Diets high in fruits and 

vegetables are widely recommended for their health-promoting properties, 

among them, the protection against diabetes, cancer and cardiovascular 

diseases. Studies have been carried out using diet components as possible 

modulator agents of DNA methylation in cancer cells. Epigenetic therapy 

against harmful effects of diet components could be a potential tool in 

chemotherapy. Hesperidin is the most important phenol in the orange fruit 

and its biological healthy activities are well known. The purpose of the 

present study was to evaluate the methylation patterns induced by 

hesperidin in Hl60 in vitro model cell line in order be used as a 

chemopreventive molecule in epigenetic cancer therapies. An in vivo pilot 

experience using a rat diethyl nitrosamine hepatocarcinogenesis-induced 

model is carried out to validate the therapeutic efficacy of this orange 

flavonol. Results showed that: (i) Hesperidin is cytotoxic in a dose-

dependent manner and the IC50 was 12.5 mM; (ii) Hesperidin has a dose 

dependent hypomethylating effect in the LINE-1 sequence (up to 47% 

hypomethylation at 12.5 mM) and in the ALU repetitive sequences (up to 

32 % at 6 mM) in HL60 tumour cells. (iii) Hesperidin do not affect to the rat 

body and liver weight and it reduces the DEN-induced nodules at 1000 

ppm. In conclusion, hesperidin could be purpose as candidate molecule in 

chemoprevention against epigenetic therapy.  
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INTRODUCTION 

Diets high in fruits and vegetables are widely recommended for their 

health-promoting properties. In particular, oranges have health benefits 

including protection against diabetes, cancer and cardiovascular diseases 

(da Silva, 2005; González-Molina et al., 2010; So et al., 1996). The great 

contributors to these beneficial effects are the orange polyphenols 

(Bishayee et al., 2012; Vinson et al., 2002). Oranges contain a large array of 

polyphenolic constituents: hydroxycinnamic acids as caffeic, p-coumaric, 

and ferulic sinapic and flavonoids, among which narirutin, hesperidin 

didymin are predominant (Klimczak et al., 2007) as other components that 

have demonstrated to be potential chemopreventive agents in 

epidemiologic, in vivo and in vitro studies (Fernández-Bedmar et al., 2011). 

Among them, hesperidin (a flavanone glycoside, C28H34O15) is the most 

distinctive component of Citrus fruit and juice (Garg et al., 2001; Gattuso et 

al., 2007)  that is hydrolysed by gut microflora into aglycone form 

(hesperetin) (Vallejo et al., 2010). Although research on the health effects 

of hesperidin is fairly limited, this flavonoid has demonstrated to be 

responsible for many biological activities and exhibits a high number of 

biological and pharmacological properties such as anti-inflammatory, anti-

carcinogenic, antioxidative, and lipid-lowering activities (Chiba et al., 2003; 

Middleton Jr and Kandaswami, 1994; Miyake et al., 1998). Moreover, 

recent studies carried out in our laboratory  demonstrated that hesperidin 

has an antigenotoxic effect against H2O2-DNA induced damage and  a 

chemopreventive activity on HL60 cells (Fernández-Bedmar et al., 2011). 
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In relation to anticarcinogenic effects of hesperidin, some studies have 

shown that this polyphenol can inhibit carcinogenesis in distinct cancer 

types (tongue, esophagous, colon…) (Kelloff et al., 1994; Tanaka et al., 

1997b; Tanaka and Sugie, 2007). However, no studies have been reported 

about anticarcinogenic effect of hesperidin in liver. Hepatocellular 

carcinoma (HCC) is one of the most common neoplasias representing the 

fifth most common malignancy worldwide and the third most common 

cause of death from cancer (Forner and Bruix, 2012). Currently, surgical 

resection and liver transplantation are the only treatment options for HCC 

(Forner and Bruix, 2012; Pang et al., 2006; Singh et al., 2014). For this 

reason, it is important to focus on chemopreventive strategies to prevent 

the development of this malignancy although this matter is still fairly 

limited.  

At the molecular level, cancer can be considered a result of abnormal 

genetic and epigenetic events. The epigenetic processes are responsible for 

activate or inactivate selectively the gene function. DNA methylation is an 

important epigenetic mechanism of cancer development and progression. 

Components present in the diet can affect DNA methylation and thus 

cancer risk and tumour behaviour (Davis and Uthus, 2004). In particular, 

common dietary phenolic compounds among them, the hesperetin 

flavanol, inhibit the DNA methyltransferase (DNMT) activity in vitro (Li and 

Tollefsbol, 2010). DNA methylation in mammalian cells, occurs at 5´ 

cytosine residues within CpG dinucleotides through addition of CH3 group 

to form 5-methylcytosine (Issa and Kantarjian, 2009). The human genome 

have not uniformly distributed the CpG dinucleotides, but they are often 
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enriched in the promoter regions of genes, as well as regions of large 

repetitive sequences (e.g. centromeric repeats, LINE and ALU 

retrotransposon elements) (Bird, 2002). Short CpG-rich regions are known 

as ‘‘CpG islands’’, and these are present in more than 50% of human gene 

promoters. The inhibitory activity of dietary polyphenols has been 

associated with the demethylation of these CpG islands in the promoters 

(Fang et al., 2007). Since epigenetic changes are reversible they are 

promising targets for chemotherapy using agents, such as dietary 

polyphenols, that inhibit DNA methylation (Link et al., 2010). 

Thus, the purpose of the present study was, first, to evaluate the 

methylation patterns induced by hesperidin in Hl60 in vitro model cell line 

and second, validate the therapeutic efficacy of this orange flavonol in an 

in vivo pilot experience using a rat diethyl nitrosamine 

hepatocarcinogenesis-induced model.  

MATERIAL AND METHODS 

Chemicals 

Hesperidin (H5254) as a single compound contained in the orange fruit and 

diethylnitrosamine (DEN) (N0756) as the hepatocarcinogen inductor were 

purchased from Sigma (Córdoba-Spain). 

In vitro demethylating study 

Cell culture conditions 

The HL-60 human leukaemia cancer cell line was provided by Dr. Villalba 

(Department of Cell Biology, University of Córdoba, Spain). HL60 cells were 
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grown in RPMI-1640 medium (Sigma, R5886) supplemented with L-

glutamine 200 mM, (Sigma, G7513), antibiotic-antimycotic solution (Sigma, 

A5955) and 10% heat-inactivated foetal bovine serum (Linus, S01805). Cells 

were incubated at 37°C in a humidified atmosphere of 5% CO2. The 

cultures were plated at 2.5 x 104cells/ml density in 10ml culture bottles and 

passed every 2 days. 

Cytotoxicity control assay 

HL-60 cells were placed in 96 well culture plates (2 x 104cells/ml) and 

treated for 72h with a wide range of hesperidin concentration (from 0.78 

to 25 mM) in order to assess the cytotoxic doses ranging the inhibitory 

concentration 50 (IC50). This assessment with a wide range of 

concentrations in the in vitro cytotoxicity assays was sat with the aim to 

choose the appropriate in vivo lethality doses to be used in the subsequent 

methylation assay.  

Cell viability was determined by the trypan blue dye (Sigma, T8154) 

exclusion test. After incubation period, cells were stained with Trypan Blue 

dye (1:1 v/v) and counted under inverted microscope using a Neubauer 

chamber at 100X magnification. Curves were plotted as a survival 

percentage of each treatment compared with the control growing at 72h. 

At least three independent repetitions of the assays were carried out to 

calculate means for statistical analysis. 

HL60 global DNA methylation evaluation  
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DNA isolation and bisulfite treatment 

In order to study the global methylation status of the HL60 leukemic cell 

genome, HL60 cells (1.5 x 106 cells/mL) were treated for 72 h with 

supplemented medium containing the different tested concentrations of 

hesperidin (0.78, 3, 6,12.5 and 25 mM). After the treatment period, the 

genomic DNA of HL60 cells was isolated using a commercial DNA-extraction 

kit following the manufacturer instructions (Blood Genomic DNA Extraction 

Mini Spin Kit, Canvax Biotech, Córdoba, Spain). Genomic DNA (1µg) was 

denatured with NaOH and then treated with bisulfite using a commercial 

kit (CpGENOMETM DNA MODIFICATION KIT, S7820, Chemicon 

international). This bisulfite treatment converts unmethylated cytosine 

residues to uracil, whereas 5-methylcytosine residues remain unchanged. 

Quantitative real-time methylation-specific PCR (qrt-MSP) of repetitive 

sequences 

Analysis of changes in DNA methylation after different hesperidin 

treatment was carried out in a rapid fluorescent thermal cycler with three-

colour fluorescence monitoring capability (LightCycler, Roche) according to 

manufacturer´s protocol (LightCyclerRFastStart DNA MasterPlus SybrGreen I, 

Cat. No. 03515885001, Roche) and following the method described by 

Fernández-Bedmar et al., (2012). Briefly, PCR was performed whit 1 µL of 

bisulfite treated DNA using specific primers for LINE1, Satellite-α (SATα), 

Satellite-2 (SAT2) and ALU-M2 (Table 1). 
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Table 1. Information of the primers employed in this study 

 

The final reaction mix with a total volume of 10µl consisted of: 1 µL of 

bisulfite converted genomic DNA, 5 µl of milliQ water, 1 µl of each primer 

at 0.5µM (Isogen Life Science BV) and 2µl of Master Mix reaction (Roche, 

Cat.No. 03515885001, LightCyclerR FastStart DNA MasterPLUS SybrGreen I 

Master Mix, 5x). Amplification of the repetitive methylated sequences was 

used as target sequences. The methylated reaction specific for the LINE-1 

and ALU-M2 sequences were based on a LINE-1 (GenBank accession 

number X52235 and ALU-M2 consensus sequences. The Sat-α and Sat-2 

reactions were designed toward sequences specifically on chromosome 1 

(GenBank accession numbers M38468 and X72623, respectively) 

The following program conditions were applied for qrt-MSP running: 

denaturation program, consisting in 1 cycle at 95C for 10 min; amplification 

program, consisting in 45 cycles at 95°C for 10 s, 65°C for 10 s and 72°C for 

Primer Forward Sequence (F) 

5´-3´ 

Reverse Sequence (R) 

5´- 3´ 

GC content (%) 

F R 

ALU-C4 GGTTAGGTATAGTGGTTTAT

ATTTGTAATTTTAGTA 

ATTAACTAAACTAATCTTAAA

CTCCTAACCTCA 

25 27.3 

LINE-1-M1 GGACGTATTTGGAAAATCGG

G 

AATCTCGCGATACGCCGTT 47.6 52.6 

SAT-α-M1 TGATGGAGTATTTTTAAAAT

ATACGTTTTGTAGT 

AATTCTAAAAATATTCCTCTT

CAATTACGTAAA 

23.5 21.2 

SAT-2-M1 TCGAATGGAATTAATATTTA

ACGGAAAA 

CCATTCGAATCCATTCGATA

ATTCT 

25 36 

ALU-M2 GCGCGGTGGTTTACGTTT AACCGAACTAATCTCGAACT

CCTAAC 

55.5 42.3 
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10 s; melting program, 1 cycle at 95°C for 0 s, 40°C for 60 s and 90°C for 0 s; 

and cooling program, 1 cycle at 40°C for 60 s. The temperature transition 

rate was 20°C /s, except in the melting program, which was 0.4°C /s 

between 40°C and 90°C. Amplification of an Alu-control sequence (Alu-C4) 

which is not modified by bisulfite treatment was performed as reference 

sequence (Weisenberger et al., 2005). It was amplified in the same run and 

following the same procedure described above for the different 

unmethylated repetitive sequences. A procedure based on the relative 

quantification of target sequence (Alu, LINE1, Sat- -2 

unmethylated sequences) versus their controls/calibrators in relation to 

the reference sequence (Alu-C4) was used to assess the degree of 

repetitive elements hypomethylation. Calculations were automatically 

performed by LightCycler software (LyghtCycler software, version 4.05, 

Roche). The normalised ratio was obtained from the next equation and 

expressed as percentage of the control/calibrator: 

Normalised ratio (Nrepetitive)=(Etarget)
ΔCp target (control–sample)/(Eref)

ΔCp ref (control–sample) 

Where E indicates efficiencies of each sequence calculated from the slopes 

of crossover points (CP) versus DNA concentration plot according to the 

formula E = 10(-1/slope); ΔCp indicates the difference between 

control/calibrator Cp and sample Cp, either for the target or for the 

reference sequences. Water blank and negative controls were included. 

Results were confirmed by repeating the bisulfite treatment and MSP 

assays for all samples. 
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In vivo study 

Animals and diet 

Twenty-four pathogen-free male Sprague-Dawley rats (324 gr ± 25 gr), 

seven weeks old, were purchased from Harlan Interfaunan (Iberica) S.L and 

housed in a conventional metabolic cage. The rats were acclimatized for 

one week previous to the experiment, with controlled temperature (23º ± 

2ºC) and humidity (55% ± 5%). The animals were fed with a standard diet 

(D03- SAFE, Augy, France) and provided with drinking water ad libitum. 

Animal care and experimental procedures were approved by the University 

of Cordoba Bioethics Committee, and followed the regulations of the 

European Union normative for care and use of laboratory animals.  

Experimental design 

After one week acclimatization, twenty-four rats were randomly divided 

into eight groups as follows: 1) Negative control group (rats with standard 

diet and water ad libitum). 2) Positive control group (rats with standard 

diet and DEN diluted at 0.01% in drinking water). 3) Group 1 (rats with 

standard diet supplemented with 1000 ppm of hesperidin. 4) Group 2 (rats 

with standard diet supplemented with 500 ppm of hesperidin. 5) Group 3 

(rats with standard diet supplemented with 250 ppm of hesperidin. 6) 

Group 1 + DEN (rats with standard diet supplemented with 1000 ppm of 

hesperidin and 0.01% DEN in drinking water. 7) Group 2 + DEN (rats with 

standard diet supplemented with 500 ppm of hesperidin and 0.01% DEN in 

drinking water). 8) Group 3 + DEN (rats with standard diet supplemented 
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with 250 ppm of hesperidin and 0.01% DEN in drinking water). A schematic 

representation of the study design is provided in the Figure 1. 

Figure 1. Hepatocarcinogenic experimental design in rats treated with 
DEN and hesperidin. 
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Histopathological study: macroscopic and microscopic study. 

At the end of the study (12 weeks), the rats were weighed and sacrificed by 

carbon dioxide chamber and posterior decapitation. The livers from all 

animals were perfused through the portal vein with saline solution and 

subsequently excised, weighed and photographed. Each liver was 

examined macroscopically on the surface and in 3 mm cross-sections for 

gross visible nodules and percentage of affectation.  Measurements of 

nodules were done in two perpendicular planes to obtain an average 

diameter of each nodule. The nodules were categorized into three groups 

(≥3, <3->1 and ≤ 1 mm) according to Bishayee and Dhir (2009).  

For microscopy study, representative sections from right, left and caudate 

lobes of each liver were taken, as well as the largest lesions found, and 

fixed in buffered formalin (10%), embedded in paraffin wax and stored at 

4ºC. Sections were stained with hematoxylin and eosin.  Hepatic lesions 

were classified by light microscopy by two different exposure-blinded 

pathologists according the guidelines proposed by Thoolen et al. (2010). 

Additionally, mitotic figures were counted in 10 non-overlapping high 

power fields per sample. 

Statistical analysis 

The results are expressed as mean ± SD. For statistical data evaluation, the 

software GraphPad PRISM 5 version 5.01 (GraphPad Software Inc, San 

Diego, CA, USA). was used. Differences between the means of groups were 

assessed by paired t-test when data were normally distributed and 
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otherwise by the Wilcoxon test. Differences were considered statistically 

significant at p ≤ 0.05. 

RESULTS 

In vitro study 

Optimal cytotoxic concentrations of hesperidin  

In order to choose the correct cytotoxic concentrations to carry out the 

global methylation evaluation, a control assay was performed based on the 

hesperidin cytotoxic effect on the HL60 cell line. 

Figure 2 shows the cytotoxic effect of hesperidin at the different assayed 

concentrations. Hesperidin exerted a positive dose-dependent cytotoxic 

effect as expected and the inhibition concentration 50 was established at 

12.5 mM. As a consequence, the concentrations 0.78, 3, 6, 12.5 and 25 mM 

were chosen for the methylation checking.   

Figure 2. Cytotoxic effect of hesperidin on HL60 cells after 72 hours 
treatment. 
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Global DNA methylation evaluation  

Figure 3 shows the methylation status of the four repetitive sequences 

studied in the HL60 genome at the five different tested concentrations of 

hesperidin (0.78, 3, 6, 12.5 and 25 mM). 

Hesperidin induced an increase of the methylation status in the repetitive 

sequence SAT-α compared with their relative control at all tested 

concentrations (0.78, 3, 12.5 and 25 mM) except for 6mM that it induced 

an decrease of the methylation (hypomethylation) by 12 %; No dose-effect 

is observed but a methylation average of 112.8% was observed. SAT-2 

sequence showed maintenance of the methylation status at the lowest 

concentrations (0.78, 3 and 6 mM), although hesperidin at 12.5 mM 

induced a hypomethylation by 22% for this repetitive element, yielding a 

methylation average of 99.6 %. Hesperidin induced  hypomethylation at all 

tested concentrations in LINE1. A dose-depend hypomethylation is 

observed for this repetitive sequence (from 0.78 to 12.5 Mm) by 7%, 30%, 

32% and 47 % respectively. The highest concentration of hesperidin 

(25mM) also demethylated the LINE1 promoter at the same percentage 

that 6 mM concentration (32%). The methylation average for this repetitive 

sequence was 70.6%. All tested concentrations of hesperidin exhibited a 

demethylation activity for ALU-M2 although different levels of 

hypomethylation were observed in this repetitive sequence being at 25 

mM the highest value obtained by 32%. ALU-M2 yielded a methylated 

average of 77.8 %. 
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Figure 3. Repetitive DNA methylation in HL60 genome after 72 hours of 
hesperidin treatment. 

 

  

 

  

 

In vivo study 

Effect of hesperidin on body and relative liver weights. 

Hesperidin did not interfere with the animal´s growth since there was no 

statistical difference in the average body weights of groups treated with 
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hesperidin alone (Groups 1, 2 and 3) as well as in the negative control 

group (Table 2). However, DEN treatment (positive control group) 

significantly decreased the body weights of rats as compared with negative 

control group at the end of the experiment (Table 2, Figure 4). Regarding 

groups where DEN was supplemented with hesperidin, no significant 

changes were observed on body weight. (Table 2, Figure 4).  

The average liver weight of DEN group was significantly increased as 

compared to that of negative control group. Nevertheless, neither 

hesperidin alone nor combined with DEN at different doses significantly 

altered the liver weights. (Table 2, Figure 5).   

Table 2. Initial and final body weight, liver weight and total number of 
liver nodules found in the different groups of rats. Values are presented 
as means±SD. *P≤0.05 

 

 

Groups 
Initial body weight 

(g) 
Final body 
weight (g) 

Liver weight 
(g) 

Total no. of 
nodules 

Control
 

274.3±11.3 453.0±13.2 14.0±3.3 0±0 

1
 

270.7±13.6 447.3±8.5 14.3±01.6 0±0 

2 281.0±16.8 459.7±17.0 15.2±1.2 0±0 

3
 

268.7±14.4 448.0±12.1 14.5±1.5 0±0 

DEN 275.3±14.8 379.3±15.5* 19.5±3.9* 112.7±23.3 

1 + DEN 266.0±21.1 379.3±3.0 17.1±2.8 25.0±17.6* 

2 + DEN 286.3±20 328.7±45.7 16.6±4      79.3±3.4 

3 + DEN 274.3±2.5 380.7±18.3 20.6±6.2 51.6±18.7 
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Figure 4. Effect of hesperidin on body weight in the different 
experimental groups at the end of the experiment.  

 

 

Figure 5. Effect of hesperidin on the liver weight in the different 
experimental groups. * p<0.05. 
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Effect of hesperidin on liver nodules growth. 

No macroscopic liver nodules were observed in livers from negative control 

group as well as in hesperidin control groups (Groups 1, 2 and 3) These 

livers showed the typical smooth surface without irregularities (Figure 6 

and 8). However, macroscopic liver nodules were found in DEN-exposed 

group (Figure 7 (A)). These nodules of various sizes were white to gray-

white color and were within liver parenchyma or projected from the 

surface. About 95% of the nodules measured between 1-3 mm. 

Hesperidin at a dose of 1000 ppm combined with DEN exhibited a 

significant decrease of liver nodule growth as compared with DEN group 

(Figure 7 (B) and 8 and Table 2). DEN + 500 or 250 ppm of hesperidin also 

decreased the liver nodule growth at the end of the experiment but it was 

not reached statistical significance (Figure 7 (C) and (D), 8 and Table 2).  
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Figure 6. Macroscopic and histopathological examination of the livers at 
the end of the study. A: Representative liver from Negative control; B: 
1000 ppm hesperidin treatment; C: 500 ppm hesperidin treatment; D:250 
ppm hesperidin treatment .  H&E. 10X. 
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Figure 7. Macroscopic and histopathological examination of liver at the 
end of the study. Representative liver from DEN group (A), 1000 ppm + 
DEN group (B), 500 ppm + DEN group (C) and 250 ppm + DEN group (D).  
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Figure 8. Effect of hesperidin on liver nodule growht in the different 
experimental groups at the end of the study. 

 

Effect of hesperidin on hepatic histology 

In the histopathological analysis of the liver, negative control group and 

hesperidin control groups (Groups 1, 2 and 3) showed the typical lobular 

architecture of polyhedral hepatocytes with granular cytoplasm and small 

uniform nuclei arranged in cords and with a mitotic index of 0-1 in 10 high-

power fields (Figure 6). In contrast, livers from animals exposed to DEN, 

presented complete loss of normal architecture, with irregular shape of 

hepatocytes and enlarged and hyperchromatic nuclei and with a mitotic 

index of 8-9 in 10 high-power fields (Figure 7).  Several hepatic lesions were 

observed in DEN treated group: foci of cellular alterations, bile duct 

hyperplasia, oval cell hyperplasia, regenerative hyperplasia, cholectasis, 

hepatic necrosis, focal fatty change and inflammation. The main found 

lesion was foci of cellular alteration composed of usually enlarged 
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polygonal hepatocytes with acidophilic staining cytoplasm from the 

surrounding normal parenchyma   

The treatment of 1000 ppm of hesperidin combined with DEN exhibited  

the most remarkable effect on the liver histopathology. In this group, a 

striking improvement in the hepatocellular architecture was observed with 

more regular and less altered hepatocytes as compared to DEN group 

(Figure 7 (B)). Nevertheless, no significant changes in mitotic index were 

observed.   

DISCUSSION 

Although the inhibition of carcinogenesis by some dietary polyphenols has 

been extensively studied, the molecular mechanisms of action as well as 

histopathological aspects in a in vivo setting are less well understood.  

One of the molecular mechanism what seems to be affected by dietary 

polyphenols is DNA methylation. Genome-wide DNA hypomethylation has 

been associated to epigenetic mechanism in malignancies and may play a 

crucial role in carcinogenesis (Chalitchagorn et al., 2004).In this study we 

show for the first time that different doses (0.78, 3, 6, 12.5 and 25 mM) of 

hesperidin can modulate DNA methylation pattern at different levels in the 

repetitive sequences LINE1, ALU, SAT-α, and SAT-2 in HL60 cells. 

The selected doses of hesperidin used in the in vitro evaluation of the 

methylation status were selected taken into consideration both the 

presence of this polyphenol in the human daily intake (250 mL orange 

juice) and the results obtained in the present cytotoxic control assay. These 
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results are in accordance with previous in vitro results obtained with the 

same cell line being the IC50 similar (Fernández-Bedmar et al., 2011). 

DNA methylation changes may affect to the repetitive DNA sequences that 

are comparatively rich in CpG dinucleotides (Wilson et al., 2007). Repetitive 

sequences represent about the 50 % of the human genome (Lander et al., 

2001). For this reason they are promising targets for chemotherapy. LINE-1 

repetitive transposable elements are the most important repetitive 

element in the human genome (Pandey et al., 2010) with 500,000 copies 

that represent 17% of the human genome mass (Prak and Haoudi, 2006). 

Alu repeats are present in 1,179,211 copies in the genome which together 

account for nearly 10.8% of the of human genome (Grover et al., 2004). 

Satellite α (Sat-α) repeats are DNA sequences of 170 bp and represent the 

main DNA component of every human centromere (Lee et al., 1997). 

Satellite 2 (Sat-2) DNA sequences are the most conspicuous in the long 

juxtacentromeric heterochromatin region of chromosomes representing 

the 2% of human genome (Tagarro et al., 1994). 

Studies have been carried out using diet components as possible 

modulator agents of DNA methylation in cancer cells. Epigenetic therapy 

against harmful effects of diet components could be a potential tool in 

chemotherapy because epigenetic defects are reversible in contrast to 

genetic defects (Issa, 2002; Miyamoto and Ushijima, 2005). Diets 

components can act in a dual way by increasing or decreasing the 

methylation levels depending on the specific gene promoter or the 

genomic region. Curcumin did not decrease the LINE-1 methylation but 

induced demethylation of specific CpG loci in colon cancer cell lines 



 
236 

 

(HCT116, HT29 and RKO) (Link et al., 2013). Similarly, neither green tea 

poliphenols unmethylated LINE-1 sequences in prostate cancer cell line 

(Pandey et al., 2010). Contrarily, apple polyphenols exerted demethylating 

activity in tumour suppressor genes (hMLH1, p14ARF, and p16INK4) through  

the inhibition of DNA methyltransferases in colorectal cancer cells (Fini et 

al., 2007). Genistein, the major isoflavone present in soy beans exhibited a 

dose-dependent inhibition of DNA methyltransferase activity in KYSE510 

cells (Fang et al., 2005). Lycopene induced the demethylation of the GSTP1 

tumor suppressor gene in MDA-MB-468 breast cancer cells (King‐Batoon et 

al., 2008). Nevertheless Epigallocatechin-3-gallate, the major polyphenol 

present in green tea did not show any notable decrease in methylation of 

Alu sequences in urinary bladder transitional cell carcinoma, prostate 

adenocarcinoma and colorectal adenocarcinoma (T24, PC3 and HT29 

respectively) (Chuang et al., 2005). 

5-Aza-2´-deoxycytidine (decitabine) has been approved by the FDA as 

molecule for the treatment of myelodysplastic sindromes (Mack, 2006) and  

is a synthetic demethylating agent that has been showed to reactivate 

tumour suppressor genes silenced by promotor DNA methylation(Jones 

and Baylin, 2002; Jones and Laird, 1999; Momparler and Bovenzi, 2000). 

Lemaire et al. (2008) showed that this molecule was able to demethylate 

LINE 1 promotor in human and murine cancer leukemia cell lines. 

Furthermore, decitabine (commercial name of 5-az-2´-DC) decreased DNA 

methylation of Alu and LINE repetitive element by 9% and 16 % 

respectively in patients myeloid leukemia (Yang et al., 2006). 

Hipermethylation of LINE-1 promoter is considered as a profiling mark of 
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aberrantly hypermethylated tumor suppressor genes (TSG) in human 

cultured melanoma cell lines (Tellez et al., 2009).  

Interestingly, the demethylating effects of hesperidin found in our study on 

the LINE-1 and Alu promoter of HL60 leukaemia cells was similar to the 

obtained by those authors with the synthetic and toxic 5-aza-2dC 

demethylating agent. Previous studies using hesperetin and naringenin 

(significant phenols contained in oranges) inhibited the DNA 

metiltransferase activity at 20 and 50 µmol/L in a dose-depend manner in 

esophageal cancer cell line (KYSE510) (Fang et al., 2007). This suggests that 

it is possible to achieve a chemopreventive effect against DNA methylation 

mechanism with polyphenols such as hesperidin. 

On the other hand, in order to confirm the benefits effects of this 

polyphenol,in an in vivo setting, a rat model of DEN-induced hepatocellular 

carcinoma has also been performed. DEN treatment significantly decreased 

body weights, increased the liver weight and nodule growth and induced a 

complete loss of normal liver architecture with altered hepatocytes and 

numeours preneoplastic lesions at the end of the experiment. These 

altered hepatocytes were aggregated in clusters resulting in the 

appearance of prominent eosinophilic alteration focus with less than 3 cm 

in diameter (>95%). These focuses are usually found in short-duration 

toxicity studies with rodent models, as the present study, following 

exposure of a hepatocarcinogen such as nitrosamines (Thoolen et al., 

2010). All these lesions are expected since DEN is an environmental and 

dietary hepatocarcinogen which induces tumors very similar to human 

counterpart (Lee et al., 2004; Peto et al., 1991; Verna et al., 1996). Several 
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studies have reported that these liver DEN-induced nodules are precursors 

of hepatic cancer (Farber and Sarma, 1987; Williams, 1980). Thus, present 

results  confirm this well-established animal model for the study of liver 

carcinogenesis as others have reported (Du et al., 2009). In addition, 

administration of hesperidin at the different doses did not affect to body 

and liver weight indicating that these doses were well tolerated by rats 

with adequate growth responsive effect during the experiment. 

Dietary administration of 1000 ppm of hesperidin inhibited 

hepatocarcinogenesis as revealed by a significant reduction of liver nodule 

growth and a striking improvement of hepatocellular architecture as 

compared with controls. Thus, the liver architecture of this group seemed 

to be similar that of normal liver in control group with more regular 

morphology and few altered hepatic cell foci. Besides, the well-known 

cardioprotective and anti-inflamatory effects of hesperidin, 

anticarcinogenic effects have been attributed to this bioflavonoid Al-Jasabi 

and Abdullah (2013) demonstrated a protective effect of hesperidin in 

B(a)p-induced lung cancer since it attenuated alteration of serum 

biomarkers. Moreover, it has been demonstrated that the same doses used 

in this study, 1000 ppm of hesperidin, had chemopreventive effects in 

azoxymethane-induced rat colon carcinogenesis (Tanaka et al., 1997a).   

The mechanisms which hesperidin improved the liver architecture remain 

unclear. Some authors have reported that hesperidin exerts antioxidant 

effects by several mechanisms including reduction of expression of 

intercellular adhesion molecule-1 (ICAM-1) (Kim et al., 2011), suppression 

of gene expression of several proinflamatory cytokines (TNF-alpha, IL-
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1beta, IL-6) and increase of the expression of Nf-E2-related factor 2 (NRF2) 

a key regulator of the expression of enzymes such as glutathione S-

transferase (GST) and quinine reductase (QR) with potent antioxidant 

activity (Cha et al., 2001; Elavarasan et al., 2012; Lee et al., 2011). 

Nevertheless, despite evidence of these antioxidant effects, more studies 

are necessary to clarify this matter.  Finally, 500 ppm and 250pm of 

hesperidin did not seem be sufficiently effective to affect on the different 

analyzed parameters since no significant differences were observed.  

Here we have demonstrated the induction of global demethylation in LINE-

1 and ALU-M2 repetitive sequences by hesperidin on leukemia model cell.  

Demethylation in satellite sequences Sat-alfa and Sat 2 was not observed in 

hesperidin-treated cells, probably due to the crucial role of satellite 

sequences in cell survival. A promising perspective is displaying after the 

present work as we propose it as a molecule of choice in epigenetic 

therapies using foods as a nutraceutical. Synthetic molecules like 

decitabine could be substituted by natural origin molecules like hesperidin 

which has the advantage of its lack of genotoxicity, antigenotoxic activity 

and cytotoxic effect in cancer cell lines. Furthermore, the data described in 

this pilot experience showed that hesperidin is a promising candidate agent 

for hepatocelullar chemoprevention since its beneficial effects on DNA 

methylation and histopathological parameters in a in vitro and in vivo 

setting. Future studies are needed to investigate and analyze in detail the 

molecular and pathological mechanisms through which this bioflavonoid 

can exert their protective effects against cancer.  
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El mercado global de nutracéuticos y alimentos funcionales se ha 

convertido en una industria multimillonaria con una tasa promedio de 

crecimiento constante del 9,6% por año (Keservani et al., 2010), siendo 

Japón el segundo mayor mercado de nutracéuticos después de Estados 

Unidos. 

La búsqueda de nutracéuticos o alimentos funcionales no es fácil ni lineal 

puesto que no solo hay que estudiarlos desde un punto de vista. En este 

sentido, es necesario estudiarlos desde una perspectiva múltiple, es decir, 

a nivel individual, celular y molecular, con el objetivo de que  su aplicación 

se traduzca en una mejor y más larga vida.  

Estudios epidemiológicos apoyan el seguimiento de la dieta mediterránea 

como ejemplo de dieta saludable ya que ésta es un reservorio de 

sustancias que podrían ser utilizadas en la prevención y tratamiento de 

enfermedades degenerativas (Estruch et al., 2013; La Vecchia, 2004; 

Trichopoulou and Vasilopoulou, 2000). Sin embargo, hay escasos estudios 

clínicos basados en el estudio de los efectos saludables de estas sustancias. 

Entre ellos, un estudio llevado a cabo con 20 individuos, demostró que en 

individuos alimentados con una dieta de base mediterránea, disminuía la 

expresión de genes relacionados con la inflamación (p65, MCP-1 y TNF-α) e 

incrementaba la expresión del gen anti-inflamatorio IκBα (Camargo et al., 

2012). 

En el presente trabajo se ha llevado a cabo un estudio integrativo 

multienfoque utilizando diversos ensayos que detectan diferentes 

actividades biológicas de componentes no procesados presentes en la 
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dieta mediterránea. La selección de los citados componentes está 

motivada en que, con la exclusión de los alimentos procesados presentes 

en la dieta mediterránea (aceite, vino y pan), ésta sería idéntica a la dieta 

de nuestros antepasados: la dieta paleolítica. Dicho estudio se ha llevado a 

cabo desde nivel poblacional pasando por el individual, celular y hasta 

llegar al nivel genético. Las muestras estudiadas han sido cuatro variedades 

de pimientos (Capsicum anuum and Capsicum frutescens), cebolla (Allium 

cepa), ajo (Allium sativum), tomate (Solanum lycopersicum), naranja (Citrus 

sinensis) y limón (Citrus limon), así como las moléculas más representativas 

incluidas en su matriz: capsaicina, capsantina y luteína en el caso del grupo 

de pimientos; dos organosulfurados representativos del género Allium 

(DPDS y DADS); licopeno como el carotenoide más abundante en el tomate 

y hesperidina y limoneno como moléculas presentes en la naranja y limón. 

A continuación se muestra una tabla con los resultados generales 

obtenidos en la presente tesis: 
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MUESTRA SEGURIDAD PROTECCIÓN 
(%) 

QUIMIOPREVENCIÓN LONG 

Citotoxicidad 
(CI50) 

ADN Comet 

PIMIENTOS 

Verde 
dulce 

  (64/73)  (0.5 mg/mL)  ?  

Rojo dulce   (33/18)  (0.6 mg/mL)  ?  

Verde 
picante 

   (64/-85)  (1.5 mg/mL) 
 

?  

Rojo 
picante 

  (49/35) (0.3 mg/mL)  ?  

Capsaicina    (33/62)  (78 µM)  ?  

Capsantina   (49/28)  (7 µM)  ?  

Luteína   (74/64)   ?  

BULBOS 

Cebolla   (33/70)     

Ajo   (19/59)  (0.003 
mg/mL) 

   

DPDS   (32/46)  (0.25 mM)    

DADS   (40/95)  (0.06 mM)    

TOMATE 

Tomate   (45/55)  (0.75 mg/mL)    

Licopeno   (16/16)     

CÍTRICOS 

Naranja   (44/50)  (4.4 %)  ?  

Limón    (22/11)  (1.4 %)  ?  

Hesperidin
a 

  (55/28)  (14 mM)  ?  

Limoneno    (55/72)  (0.2 mM)  ?  

: Efecto positivo; : Sin efecto; : efecto negativo; ?: no ha podido llevarse a cabo el 
estudio; SEGURIDAD: ensayos de genotoxicidad; PROTECCIÓN: ensayos de 
antigenotoxicidad; ADN: ensayos de fragmentación; LONG: ensayos de longevidad. 
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La primera aproximación de esta tesis ha sido evaluar la seguridad de las 

muestras seleccionadas, tanto simples como complejas, desde el punto de 

vista genotoxicológico. Nuestros resultados confirman el uso seguro (no 

genotóxico) de todas las muestras seleccionadas excepto el pimiento verde 

picante, capsaicina, limón y limoneno a elevadas dosis a través del test de 

mutaciones y recombinaciones somáticas (SMART) de Drosophila 

melanogaster. Este ensayo ha sido seleccionado por su fiabilidad, facilidad 

y rapidez y porque permite el estudio de una amplia gama de sustancias 

tanto simples como complejas (Graf et al., 1984; Osaba et al., 1999; 

Villatoro-Pulido et al., 2009). Además se estudia por primera vez la 

actividad genotóxica del limón. Tanto en el caso del limón como en el de 

pimiento verde picante a las concentraciones más elevadas, hemos 

identificado, al menos parcialmente, las moléculas responsables de dicha 

actividad. Ésta podría deberse a sus moléculas más distintivas (capsaicina y 

limoneno respectivamente) puesto que las concentraciones de éstas se 

calcularon en base al contenido presente en sus correspondientes 

alimentos. Aunque hay pocos estudios que se centren en estudiar la 

actividad mutagénica de pimientos como mezclas complejas, todos ellos 

han mostrado que son seguros. Estos resultados están en concordancia 

general con los nuestros. Sin embargo el pimiento verde picante resultó no 

seguro a la concentración más elevada ensayada. Esta dosis equivaldría a 

1-10  guindillas verdes encurtidas por día, producto que habitualmente se 

encuentra en tiendas de alimentación de nuestra geografía. Esta actividad 

biológica no deseable puede ser asociada al contenido en capsaicina, ya 

que ésta también resultó genotóxica a la concentración más alta ensayada, 

la cual es la correspondiente a la concentración más alta de pimiento 
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ensayada. La falta de seguridad en el uso del limoneno a altas 

concentraciones (50 veces la dosis establecida de zumo diaria) que han 

arrojado nuestros ensayos podría deberse a que esté actuando como un 

agente pro-oxidante y por lo tanto, cause estrés oxidativo y genere 

especies reactivas de oxigeno (Bakkali et al., 2008). Sin embargo el 

Programa de Toxicología Nacional en el año 2008 obtuvo todo lo contrario, 

aunque los ensayos se realizaron utilizando diferentes estirpes de 

Salmonella typhimurium que es un organismo procariota (Program, 1990). 

El test SMART además nos permite comprobar si las sustancias estudiadas 

(simples y complejas) son antigenotóxicas co-tratando las larvas de 

Drosophila con dichas sustancias conjuntamente con genotoxinas tales 

como el peróxido de hidrógeno, metil metasulfonato o etil carbamato (El 

Hamss et al., 2003; Fernández-Bedmar et al., 2011). Nuestros resultados 

han mostrado que todo el grupo seleccionado de pimientos (excepto el 

verde picante), el grupo de bulbos, tomate y cítricos modulan eliminando 

el efecto genotóxico causado por la genotoxina modelo peróxido de 

hidrógeno en porcentajes elevados. Hemos comprobado así mismo el 

efecto antigenotóxico de las moléculas más distintivas presentes en estos 

vegetales. De modo que, tanto muestras simples como complejas 

muestran distintos porcentajes de inhibición del daño genético causado 

por el peróxido de hidrógeno, variando entre el 16 y el 95%. Caso muy 

curioso el del pimiento verde picante, puesto que a pesar del efecto 

antigenotóxico de la capsaicina (molécula responsable de la pungencia de 

estos vegetales), éste no es capaz de inhibir la actividad genotóxica 

generada por el peróxido de hidrógeno, sino todo lo contrario. Por lo tanto, 

en la matriz del pimiento verde picante debe de tenerse en cuenta también 
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la existencia de otras moléculas que actúen negativa y sinérgicamente con 

el peróxido de hidrógeno. En general nuestros resultados apoyan los 

efectos beneficiosos de la dieta mediterránea. Tales beneficios se deben al 

contenido en fenoles y otras moléculas que constituyen cada uno de sus 

componentes y que son capaces de reducir el efecto genotóxico tanto de 

agentes endógenos como exógenos (Ortega, 2006; Saura-Calixto and Goñi, 

2006). 

 En la presente tesis se muestran por vez primera los efectos que tiene una 

suplementación dietética, no exclusivamente calórica, sobre la longevidad 

usando diferentes variedades de pimiento, capsaicina, capsantina, tomate, 

cebolla, DADS, DPDS, naranja, limón, hesperidina y limoneno. Uno de los 

beneficios que confiere la dieta mediterránea es la calidad de vida asociada 

a la longevidad. Sin embargo, entre nuestros resultados de longevidad 

únicamente han mostrado efectos beneficiosos sobre ella el pimiento rojo 

dulce, naranja, hesperidina y limoneno. Debido a que la capsantina 

(carotenoide mayoritario en pimientos rojos) produjo un efecto negativo 

sobre la longevidad de Drosophila melanogaster no podemos atribuir a 

este carotenoide el efecto positivo del pimiento rojo dulce sobre la 

longevidad. Por lo tanto, otros componentes presentes en la matriz de los 

pimientos rojos dulces y ausentes en la matriz de los pimientos verdes 

deben estar actuando positivamente. En cuanto al efecto positivo de la 

naranja, hesperidina y limoneno hay que decir que solo fue notable a las 

concentraciones más bajas ensayadas. Con respecto al efecto negativo 

sobre la longevidad del resto de muestras ensayadas en la presente 

tesis,hay que tener en cuenta que no siempre una suplementación 
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dietética se traduce en un incremento de la longevidad (Tasset-Cuevas et 

al., 2013). 

Otro aspecto importante a tener en cuenta en la detección de 

nutracéuticos o alimentos funcionales, es determinar si dichas sustancias 

tienen un efecto antiproliferativo en células cancerosas (efecto citotóxico). 

La línea celular HL60 es un modelo robusto para estudiar el efecto 

citotóxico de sustancias con potencial quimiopreventivo (Faujan et al., 

2013). Para analizar esta actividad se utilizó un amplio rango de 

concentraciones de cada sustancia. En la presente tesis se muestra por vez 

primera el efecto antiproliferativo que tiene el pimiento fresco sobre 

células cancerígenas. Nuestros resultados muestran que las cuatro 

variedades de pimiento, ajo, tomate, naranja y limón así como capsaicina, 

capsantina, DADS, DPDS, hesperidina y limoneno exhiben diferentes 

actividades antiproliferativas frente a la línea tumoral HL60. De hecho, hay 

que destacar que el valor más bajo obtenido para la IC 50  de entre todos los 

alimentos completos es la del ajo (0.003 mg/mL). Sin embargo, cebolla, 

luteína y licopeno no llegaron a alcanzar la IC50.  

Ensayos de citotoxicidad realizados con capsaicina en diferentes líneas 

cancerosas (HL60, SNU-1, SHSY-5Y, PC-3, LNCaP, AGS, A172, SK-Hep-1) 

apoyan nuestros resultados (Gil and Kang, 2008; Ito et al., 2004; Jung et al., 

2001; Kang et al., 2001; Kim et al., 1997; Lo et al., 2005; Mori et al., 2006; 

Richeux et al., 1999). Aunque no encontramos concordancia  con los 

resultados obtenidos por Murakami et al. (2000) los cuales mostraron que 

la capsantina no presentaba un notable efecto antiproliferativo a 25µM, sin 

embargo, nosotros obtuvimos la IC50 a 7µM, una concentración 
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aproximadamente 4 veces más baja que la ensayada por estos autores. 

Diferentes extractos obtenidos a partir de tomate han mostrado tener 

efecto antiproliferativo en líneas cancerosas de estómago, hígado, mama y 

colon y además en basófilos de leucemia de ratas (Ferreres et al., 2010; 

Friedman et al., 2009), resultados que están en concordancia con los 

nuestros. Sin embargo, los resultados de citotoxicidad obtenidos por otros 

autores con licopeno son controvertidos, poniendo de manifiesto que el 

efecto antiproliferativo de esta molécula depende tanto del modelo 

tumoral como de la dosis ensayada (Salman et al., 2007; Teodoro et al., 

2012). Observando nuestros resultados de citotoxicidad con bulbos y sus 

moléculas distintivas, podemos sugerir que éstas mimetizan el efecto 

citotóxico de la matriz vegetal donde se encuentran. Además los resultados 

obtenidos por otros autores concuerdan con los nuestros. Aunque los 

mecanismos moleculares que tienen lugar en este sentido con ajo y DADS 

son ampliamente estudiados, son escasos los estudiados con cebolla y 

DPDS. Diversos autores han mostrado la eficacia del zumo de naranja y 

limón para inhibir la proliferación de células cancerosas de leucemia, 

mama y colon entre otras (Camarda et al., 2007; Lim and Lim, 2006; Sun et 

al., 2002). Estudios in vitro llevados a cabo por Manthey and Guthrie (2002) 

con diferentes líneas tumorales (MDA-MB-435 ER-, MCF-7 ER+, DU-145, 

HT-29, DMS-114, SK-MEL5) demostraron que la hesperidina carecía de 

actividad antiproliferativa debido a la glicosilación de la mitad de esta 

molécula. Sin embargo estudios in vivo coinciden con nuestros resultados 

positivos para tal efecto. Estudios realizados con limoneno mostraron que 

este isoprenoide es citotóxico en células de leucemia HL60 (Tatman and 

Mo, 2002) sin embargo, los estudios in vivo son contradictorios: por una 
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parte inhibe la formación de tumores gástricos y de hígado y por otra 

induce tumores de riñón y vejiga (Lu et al., 2004; Parija and Das, 2003; 

Turner et al., 2001).  

Una característica de las células tumorales es que tienen la capacidad de 

inactivar la apoptosis (muerte celular programada) y continuar creciendo 

exponencialmente. La apoptosis es un proceso clave en el desarrollo y 

promoción del cáncer y por ello la reactivación selectiva de este proceso en 

células cancerosas es uno de los mayores objetivos en el desarrollo de 

nuevas terapias contra el cáncer (Lowe and Lin, 2000). 

La presente tesis muestra por vez primera el posible efecto apoptótico 

inducido por pimiento y tomate como mezclas complejas. Nuestros 

resultados muestran que todas las variedades de pimiento, ajo y limón así 

como capsaicina, DADS y limoneno tienen la capacidad de fragmentar el 

ADN (características del proceso apoptótico) de células HL60. Entre las 

variedades de pimientos, fueron las variedades picantes las que 

presentaban un patrón de fragmentos internucleosómicos proapoptóticos 

mucho más acusado que las variedades dulces. Esto podría explicarse por 

la presencia de capsaicina en las picantes, de hecho esta molécula también 

indujo un efecto pro-apoptótico de fragmentación del ADN. Numerosos 

trabajos han demostrado la actividad apoptótica de la capsaicina (Ito et al., 

2004; Jun et al., 2007; Jung et al., 2001; Kim et al., 2004; Lee et al., 2000; Lo 

et al., 2005; Pramanik et al., 2011; Sánchez et al., 2007; Tsou et al., 2006; 

Wu et al., 2006). Tsou et al. (2006) demostraron que la inducción de 

apoptosis en HL60 se producía por activación de la caspasa 3. Hay escasos 

datos que muestren la actividad apoptótica de capsantina y luteína, y en 
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todos ellos se obtienen resultados positivos que se contradicen con los 

nuestros (Chew et al., 2002; MOLNAR et al., 2004; Zhang et al., 2011). Esto 

podría ser debido a que las concentraciones testadas de carotenoides por 

otros autores son mucho más elevadas que en nuestros ensayos o bien a 

que las líneas celulares empleadas y los ensayos son diferentes a los 

nuestros. Con respecto al grupo de los bulbos, es posible que la inducción 

de fragmentación del ADN se deba a su organosulfurado más 

característico, el DADS. De hecho se ha podido comprobar por otros 

autores que esta molécula induce apoptosis en HL60 por la expresión de la 

caspasa 3 (Kwon et al., 2002). Se ha podido comprobar que el limoneno 

incrementa las especies reactivas de oxígeno e induce apoptosis en células 

de cáncer de próstata y que aceites volátiles de lima activan la caspasa 3 e 

inducen fragmentación del ADN en células de cancer de colón (Patil et al., 

2009; Rabi and Bishayee, 2009). A diferencia del limoneno, en el presente 

trabajo no se ha encontrado que la vía citotóxica de la hesperidina sea la 

proapoptótica por fragmentación internicleosómica del ADN. 

Aunque la fragmentación del ADN es uno de los marcadores bioquímicos 

de apoptosis, éste no debería de tenerse en cuenta por si solo como 

criterio para asegurar la muerte celular programada (Cohen et al., 1992). 

Ya que aunque en algunos casos no se observe fragmentación del ADN, 

pueden existir otros marcadores que nos ayuden a profundizar en el 

estudio completo del proceso de apoptosis. En este sentido la observación 

de roturas de cadena simple a través del ensayo del cometa ha sido 

utilizado para detectar sustancias que sean capaces de causar daño en el 

ADN de células cancerosas (Balasenthil et al., 2002; Cardile et al., 2002). Es 
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la primera vez que se aplica este ensayo al ajo, cebolla y licopeno. En la 

mayoría de las sustancias ensayadas  por nosotros se ha podido observar 

daño en el ADN de células HL60 (cebolla, ajo, tomate, DADS y licopeno). 

Mimetizando el licopeno el efecto del tomate. En la presente tesis se 

demuestra que el efecto anti-proliferativo del tomate y cebolla, así como 

las moléculas más representativas de ambos (licopeno y DPDS) en HL60 es 

por vía necrótica debido a que el valor del TM, aunque significativo, es 

inferior a 3. Estos resultados están en concordancia con los obtenidos en 

citotoxicidad y fragmentación del ADN, cosa que no ocurre con el ajo y 

DADS, en los que aunque se observe citotoxicidad y fragmentación del 

ADN, el valor de TM se corresponde con un proceso necrótico (TM menor 

que 3). 

La presente Tesis muestra por primera vez los efectos de la hesperidina 

(molécula característica de la naranja) sobre  la modulación de  patrones 

de metilación en las secuencias repetitivas LINE1, ALU, SAT-α Y SAT-2 del 

ADN de células HL-60. Existen estudios que demuestran los efectos de 

componentes dietéticos sobre la modulación de marcas epigenéticas (Fini 

et al., 2007; King‐Batoon et al., 2008; Link et al., 2013). Nuestros resultados 

han mostrado que dicha molécula hipometila las secuencias LINE1 y ALU. 

Previos estudios han mostrado que fenoles presentes en la naranja como la 

hesperetina y naringenina son capaces de inhibir la actividad 

metiltransferrasa de forma dosis-dependiente a 20-50 µmol/L en la linea 

tumoral KYSE510 (Fang et al., 2007). Es impotante señalar que  nuestros 

resultados son similares a los efectos hipometiladores de la decitabina 

(molécula sintética y tóxica empleada en el tratamiento de síndromes 
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mielodisplásticos) en secuencias LINE1 y ALU en células HL60 (Lemaire et 

al., 2008) y en pacientes con leucemia(Yang et al., 2006). Esta similitud en 

los mecanismos moleculares de molélulas usadas en terapia frente al 

cáncer sugiere que los polifenoles naturales presentes en la dieta podrían 

sustituir o complementar la actividad de moléculas sintéticas utilizadas en 

quimioprevención a través de la  terapia epigenética.   

Con el fin de poder confirmar los efectos beneficiosos de este polifenol se 

llevó a cabo un estudio in vivo de carcinogénesis en ratas. Nuestros 

resultados mostraron que la DEN disminuye el peso de los animales 

tratados, incrementa el tamaño y el número de nódulos en el hígado e 

induce una pérdida de la arquitectura normal del hígado. Estos resultados 

son los esperados en de estudios de toxicidad a corto plazo con modelos 

roedores expuestos a hepatocarcinógenos como las nitrosaminas (Thoolen 

et al., 2010). Además, las lesiones son similares a las causadas por esta 

misma molécula en humanos (Lee et al., 2004; Peto et al., 1991; Verna et 

al., 1996) y los nódulos hallados son precursores de cáncer de hígado 

(Farber and Sarma, 1987; Williams, 1980). Por lo tanto ha sido bien 

establecido el modelo animal utilizado en el presente estudio como lo han 

mostrado también otros autores (Du et al., 2009). Adicionalmente, la 

hesperidina a las concentraciones ensayadas no afecta al peso del animal 

ni al hígado. Con respecto al efecto anticarcinogénico de la hesperidina, 

solamente la concentración más alta ensayada (1000 ppm) fue significativa 

en cuanto a la reducción del número de nódulos en  el hígado y también se 

observó una mejora de la arquitectura hepática con respecto a su control. 

La hesperidina es un bioflavonoide al cual se le ha atribuido efectos 
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cardioprotectores y anti-inflamatorios (Al-Jasabi and Abdullah, 2013). 

Además la misma dosis empleada en este bioensayo(1000 ppm) ha 

demostrado tener efectos quimiopreventivos en cáncer de colon inducido 

por azoximetano en ratas (Tanaka et al., 1997). Sin embargo, los 

mecanismos a través de los cuales la hesperidina mejora la arquitectura 

hepática no están aún muy claros.   Algunos autores han señalado que el 

efecto antioxidativo de esta molécula se originaría a través de mecanismos 

tales como la reducción de la expresión de la molécula-1 de adhesión 

celular (Kim et al., 2011), la inhibición de la expresión de genes 

proinflamatorios y el incremento de la expresión del factor NRF2 que es 

regulador de enzimas tales como GST y QT con una potente actividad 

antioxidante (Cha et al., 2001; Elavarasan et al., 2012; Lee et al., 2011). Sin 

embargo son necesarios más estudios para poder elucidar el posible 

mecanismo de acción de dicha molécula.  

Según los resultados obtenidos en la presente tesis, y realizando una 

evaluación global, se ha podido comprobar que los alimentos estudiados 

son más saludables que los componentes más representativos presentes 

en ellos, al menos cuando se ensayan aislados. Por lo que en el efecto 

beneficioso de los indicadores de procesos degenerativos estudiados debe 

existir un sinergismo entre las diferentes moléculas presentes en la matriz 

del alimento completo. Al ser el alimento un reservorio de cientos de 

moléculas inmersas en su matriz, es imposible analizar la actividad de 

todos ellos con las herramientas actuales, para poder comprobar el efecto 

de cada uno de ellos. Por este motivo, a día de hoy la industria de la 

suplementación todavía no ha conseguido sorprendernos con un coctel de 
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antioxidantes que sea capaz  de superar el efecto conseguido por una 

alimentación saludable y equilibrada. Además, muchas de las moléculas 

(biosaludables o no), mimetizan la actividad del alimento (saludable o no) 

en el que están contenidas aunque en menor medida. 
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En el estudio integrativo multienfoque recogido en la presente memoria de 

Tesis se ha llegado a las siguientes conclusiones sobre las actividades 

biológicas de pimiento, tomate, cebolla, ajo, naranja y limón así como las 

moléculas más representativas dentro de sus matrices como lo son 

capsaicina, capsantina, luteína, licopeno, DPDS, DADS, hesperidina y 

limoneno: 

1. Ningún alimento ni molécula estudiada ha llegado a ser genotóxica 

en el ensayo de Mutaciones y Recombinaciones Somáticas de 

Drosophila melanogaster, es decir, son seguros, a excepción de las 

dosis altas de pimiento verde picante y limón así como capsaicina y 

limoneno. 

2. Todos los alimentos y moléculas ensayadas han mostrado un efecto 

antigenotóxico o protector del daño oxidativo inducido por la 

genotoxina peróxido de hidrógeno aunque a diferentes niveles. El 

pimiento verde picante a altas dosis es el único alimento incapaz de 

proteger las células somáticas de Drosophila de dicho daño. 

3. El pimiento rojo, la luteína y la naranja ha incrementado la 

longevidad de Drosophila, aunque las altas concentraciones 

ensayadas del resto de sustancias no han permitido encontrar el 

umbral de dosis correcto para determinar un incremento de 

longevidad por éstas. 

4. Todos los alimentos y moléculas ensayadas han mostrado un efecto 

citotóxico en la línea promielocítica humana HL60. Luteína, cebolla 

y licopeno fueron las únicas sustancias incapaces de inhibir el 

crecimiento tumoral de dicha línea tumoral.  
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5. La causa del efecto citotóxico del pimiento, ajo, limón, capsaicina, 

DADS y limoneno puede ser la activación de la vía proapoptótica 

debido a la fragmentación observada en el ADN de las células 

tumorales.  

6. La actividad clastogénica medida a nivel celular en la línea tumoral 

HL60 ha podido observarse en cebolla, tomate y ajo así como en 

DPDS, licopeno y DADS. 

7. La molécula de elección hesperidina es capaz de ejercer 

desmetilación genómica en las secuencias repetitivas LINE-1 y 

AluM2. 

8. La experiencia piloto de hepatocarcinogénesis inducida en ratas con 

dietil nitrosamina es muy prometedora ya que la hesperidina 

induce una inhibición de los nódulos del hígado originados por la 

dietil nitrosamina. 

9. Como corolario, se muestra que no todos los componentes de la 

dieta mediterránea confieren el mismo nivel de protección del 

genoma de Drosophila ni son quimiopreventivos frente a células de 

leucemia. Además, el efecto de dosis es determinante en las 

actividades biológicas encontradas en las sustancias estudiadas. 
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In the integrative and multiapproach study carried out in the present 

memory the following conclusions about the biological activities of pepper, 

tomato, onion, garlic, orange and lemon as well as the most representative 

molecules within their matrixes such as capsaicin, capsanthin, lutein, 

lycopene, DPDS, DADS, hesperidin and limonene have been reached: 

1. No food or molecule studied showed to be genotoxic in the Somatic 

Mutation and Recombination test of Drosophila melanogaster. That 

is, they are safe, except the highest doses of green hot pepper and 

lemon, as well as capsaicin and limonene. 

2. All tested foods and molecules showed different levels of 

antimutagenic effect or oxidative damage protection against 

hydrogen peroxide genotoxine. Green hot pepper at highest doses 

is the only food unable to protect the somatic cells of Drosophila 

from such damage. 

3. Red pepper, lutein and orange have increased the Drosophila 

lifespan, although the highest assayed concentrations of other 

substances have not allowed us to find the correct dose threshold 

to determine an increase of lifespan by these. 

4. All tested foods and molecules have shown a cytotoxic effect in the 

human promyelocytic HL60 line. Lutein, onion and lycopene were 

the only substances unable to inhibit the tumoural growth of this 

tumoural cell line. 

5. The cause of the cytotoxic effect of the pepper, garlic, lemon, 

capsaicin, DADS and limonene can be the activation of the 

proapoptotic pathway due to the observed fragmentation in the 

tumoural cell DNA. 
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6. The clastogenic activity measured at cell level in the HL60 tumoural 

cell line has been observed in onion, garlic and tomato as well as in 

DPDS, DADS and lycopene. 

7. Hesperidin is sable to exert a genomic demethylation in the LINE-1 

and AluM2 repetitive sequences. 

8. The pilot experience of diethylnitrosamine-induced 

hepatocarcinogenesis in rats is very promising as hesperidin induces 

a decrease of nodules originated by the carcinogen diethyl 

nitrosamine.  

9. As corollary, it is shown that not all mediterranean diet components 

confer the same protection level to the Drosophila genome nor 

they are chemopreventive against leukemia cells. Furthermore, the 

dose-effect is critical for the biological activity found in the tested 

substances. 

 



 

 

 

 ANEXO: PUBLICACIÓN CAPÍTULO I
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